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Bulk elemental and biochemical yields in samples collected across the benthic boundary layer (BBL) 
in the Northeast Atlantic indicated the BBL to be a key site of organic matter (OM) alteration that 
plays a pivotal role in determining the organic carbon: surface area ratio (CC: SA) of material 
deposited in the sediments in this region. 
Evidence for the seasonal nature of OM inputs to the BBL in the Northeast Atlantic was found in two 
of the three investigated sites. The seasonal deposition of material associated with the spring bloom 
led to the presence of a substantial layer of phytodetritus material at one site. Although this material 
was not rich in CC, it contained elevated yields of labile biochemicals that suggested the potential 
importance of such material to deep-sea benthic nutrition. 
The majority of OM within the sediments in the deep Northeast Atlantic appeared to be sorbed to 
mineral grains displaying surface area normalised OC loadings below those typically observed on 
continental margins (i.e. <0.5 mg CC m 2) indicating that CM remineralisation processes are 
extremely efficient in this region. 
An investigation into the possible influences on OC preservation and burial in the Northeast Atlantic 
and in other diverse continental margin sediments, suggested that only the length of time that 
sedimentary OM was exposed to oxic porewaters displayed a consistent relationship with sediments 
OC: SA ratios and OC burial efficiencies. Sediment oxygen exposure time, therefore, appears to be a 
primary control on CM burial. 
Organic-mineral interactions also influence the quality of OM that is buried and there is a consistent 
relationship between CC: SA ratios, CM degradation state and 02 exposure time. Superimposed on 
degradative CM alterations are sorptive preservation and organic-matrix protection effects. The 
preservation of CM within the carbonate of CaCO 3-biomineralisers, in particular, significantly affects 
the composition of preserved CM in the Northeast Atlantic. 
Other processes that were found to potentially influence the quality of OM buried in this region were 
sediment source, scouring of benthic nepheloid layer particles, sediment resuspension, and 
bioturbation. 
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1. Introduction 
The burial of organic matter (OM) in the ocean plays a critical role in modulating the composition of 
the Earth's atmosphere. This process of OM sequestration directly links the global cycles of carbon, 
oxygen and sulphur over geologic time (Berner, 1982; 1989). The burial of reduced OM modulates 
02 concentrations in the atmosphere (Betts and Holland, 199 1) and organic carbon (OC) removal is a 
major sink of atmospheric CO 2 over long timescales, forming the ultimate source of essentially all 
atmospheric CO 2 (Berner and Canfield, 1989). Therefore, understanding the processes that influence 
the removal of OC from Earth surface cycles for long periods are of great importance. Studies of 
buried OM can be useful in revealing information about past climatic conditions that may be useful in 
assessing possible effects of increasing atmospheric CO 2 concentrations on the Earth and the potential 
for oceanic feedback mechanisms to "damp" the current rapid atmospheric CO 2 increases (e.g. 
Sarmiento et al., 2001 and references therein). Marine sediments record the changes in the global C 
cycle over time but, in order to interpret these records of OC sequestration in a meaningful way, it is 
necessary to understand changes that OC might have undergone prior to deep burial; to establish to 
what degree this record is altered by diagenetic effects. The processes that determine the extent of OC 
preservation are also of economic interest as OC burial is the precursor to fossil fuel formation (Hunt, 
1996). 
Organic C burial varies greatly in different regions of the world ocean. Most OM (80-90%) is 
preserved on continental margins (Berner, 1982; Emerson and Hedges 1988), although these account 
for only 10% of total ocean area and 20% of total ocean primary productivity (Killops and Killops, 
1993). Primary production (the formation of OM in the lighted surface waters of the ocean by short-
lived, photosynthetic phytoplankton) is the main source of OC to marine surficial sediments (Killops 
and Killops, 1993). In contrast to ocean margins, deep sea sediments which cover most of the ocean 
floor, contribute <5% of the modem-day OC burial containing, on a weight percent basis, only 0.1-
0.3 %OC (Prezuniic et al., 1982). The factors that determine these spatial variations in the amount of 
OM that is ultimately preserved in marine sediments have been the focus of much debate over the past 
few decades. Investigations into controls on OC burial have tended to concentrate on upper margin 
environments because of the relative ease of access and/ or because sediment OC contents are 
typically higher in these regions. However, less is known of the factors leading to such low OC 
contents in sediments buried in the deep sea even though the deep sea accounts for the majority of the 
World oceans and it is where an important fraction of OM is buried (Hedges and Keil, 1995). In this 
thesis controls on the cycling and burial of OM in the deep Northeast Atlantic are investigated. 
Chapter 1: Introduction 
Flux (mg/m 2 d) 














0-0.5 cm Carbon 
Sediment 
Figure 1.1 Diagram shows reduction in organic carbon flux with depth. There are two 
"regions" where order of magnitude flux decreases are observed, at the base of the euphotic 
zone and across the sediment-water interface (adapted from Wakeham et al., 1997). 
1.1. Key Sites of OM Alteration 
Two key sites of OM alteration have been identified in the open ocean. Sediment trap studies have 
shown that order of magnitude OC flux decreases occur at the base of the euphotic zone (Honjo, 1980; 
Deuser and Ross, 1980; Honjo et al., 1982), and across the benthic boundary layer (BBL) between the 
deepest sediment traps and the sediment-water interface (Figure 1.1; Reimers and Suess, 1983; Smith, 
1989). 
A considerable amount of work has been carried out on OM cycling in the upper water column 
because sample collection is easier in closer proximity to the sea surface. The information amassed 
on processes influencing OM in the water column, has been the subject of review by a number of 
authors (Figure 1.2; Emerson and Hedges, 1988; Wakeham and Lee 1989; 1993). As a consequence 
of water column studies, it has been established that freshly-produced OM is easily degradable, and 
that most OM originating in the surface ocean is recycled in the upper water column as a result of the 
near-continuous grazing of phytoplankton by heterotrophic bacteria, protozoans and zooplankton 
(Gardner et al., 1985). Less than 5-10% of net primary production is typically exported out of the 
lighted surfaces waters (Eppley and Peterson, 1979; Martinet al., 1987). Exported material is largely 
in the form of aggregates of large phytoplankton cells and planktic debris (Alldredge and Gostschalk, 
1988; Asper, 1987) or as faecal pellets (Suess, 1980). Consumption of OM continues during transit 
leading to an exponential decrease in POC down the water column (Figure 1.3). In the deep sea, 
where long water columns prolong the exposure of POM to water column transformation processes, 
typically only 10% of surface production remains after a few hundred metres and only 1% remains 
after 4000m (Figure 1.1 and 1.3; Hedges and Keil, 1995; Jahnke, 1996). In addition to reducing the 
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Figure 1.2 Schematic showing OM cycling in the ocean highlighting OM transformation 
processes in the water column (after Wakeham and Lee, 1993). DOM: dissolved OM, POM: 
particulate OM. 
fluxes of material through the water column, heterotrophic consumption during transit also brings 
about compositional changes in OM. Labile components are preferentially removed (e.g. Westrich 
and Berner, 1984; Mayer, 1993), and as a result, the material reaching the deep-ocean BBL is highly 
altered, being concentrated in more refractory materials (e.g. Wakeham et al., 1980, Wefer et al., 
1982; Wakeham and Lee, 1993; Hedges et al., 2000). 
OM transformations continue in the BBL and across the sediment-water interface where losses are 
comparable to the well-documented order of magnitude flux decreases observed between surface 
waters and the ocean interior (Gardner et al., 1985). These transformations resulting in the loss of 
consumption (Macko et al., 1994), lead to a decoupling of organic compounds produced in surface 
water with those deposited at the sediment-water interface (Wakeham and Lee, 1989) making it 
difficult to compare directly what is ultimately buried in sediments with potential source organisms 
living in surface waters. Further OM alteration occurs within the sediments causing sedimentary OM 
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Figure 13 Schematic showing how processes within the water column might impact on the OC 
flux to the seafloor (modified from Rullkötter, 2000). 
to become enriched in refractory biochemicals with depth and time (Westrich and Berner, 1984; 
Middleburg, 1989). Less than 50 % of recently buried OM is characterisable at the molecular level 
and the origins, reactions and fates of this OM are unknown (Hedges et al., 2000). Ultimately, OM in 
sediments is present as kerogen, an insoluble macromolecule (Tissot and Welte, 1984), and that is the 
major form of OM in sedimentary rocks and the major source of petroleum (Hedges et al., 2000). As 
little as 1% of OM reaching the deep-sea sediment surface is ultimately preserved (Henrichs, 1993). 
Therefore, the BBL is a major site of OM alteration but the processes occurring here are poorly 
understood because of the difficulty in obtaining detailed and representative samples. 
1.2. The Benthic Boundary Layer 
The focus of this research is the deep-ocean benthic boundary layer (BBL), the interface between the 
deepest part of the water column and the sediments below. This region adjacent to the seabed has 
been relatively understudied, largely because it is so remote. 
The BBL is characterised by a high particle load as a result of bottom-water currents resuspending 
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Figure 1.4 Profile of the "concentration" of particulate material in the water column as 
indicated by beam attenuation. The profile was collected over part of the Porcupine Abyssal 
Plain. (See text for explanation of terms). Adapted from Lampitt et al. (2000). 
sedimentary material. By definition, it is homogenous having constant properties of temperature and 
salinity, and is typically tens of metres thick (Richards, 1990). This uniformity forms the basis of its 
distinction from the benthic nepheloid layer, which is simply a region of enhanced particle 
concentration (Figure 1.4). 
The BBL is a region of steep chemical gradients (Berner, 1980) and of increasing particle-liquid 
proportions. It is not a constant environment; materials within it are subject to a variety of physical, 
chemical and biological factors (Figure 1.5) that influence the ultimate makeup of the sedimentary 
record potentially skewing its interpretation. Slow sediment accumulation rates for deep-sea 
sedimentary material result in prolonged exposure to these modifying forces. Deposition of material 
on the seafloor is highly seasonal even in the deep-sea (Deuser et al., 1981; Newton et al., 1994), 
although lower rates of primary production were originally thought to prevent seasonal flux 
variations, with the OM instead being delivered in a slow continuous manner (Denting and Baross, 
1993). These peak fluxes which account for over 50% of OM deposited annually in the northeast 
Atlantic (the region of this study) (Honjo and Manganini, 1993), arrive as a result of, and closely 
coupled to, surface bloom events, with deposition occurring soon after the start of the spring bloom 
(Asper et al., 1992). This results in a visible layer of phytodetritus forming on the seabed (Lampitt, 
1985) known as a "fluff layer". Typical time lags between the onset of the spring bloom and the 
appearance of material on the seafloor are in the region of 2-4 weeks, depending on the water depth 
(e.g. Billet et al., 1983; Lampitt, 1985). Although typical sedimentation rates for even the largest of 
phytoplankton cells are of the order of 1-5 m d' (Zeitschel, 1986), cell aggregates sink at rates of 100- 
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Figure 1.5 Schematic of processes occurring at the deep-sea sediment-water interface. 
150 md' (Billet et al., 1983; Lampitt, 1985). Aggregates of marine snow are the major components 
of particle flux (Fowler and Knauer, 1986). The rapid sinking rate of this material means that it is less 
likely to be consumed during transit. The OM arriving at the BBL is, therefore, thought to be 
relatively fresh (Billet et al., 1983; Lee and Cronin, 1984; Lampitt, 1985), although this freshness will 
decrease with increasing water depth as a result of the increased likelihood of consumption. It is not 
known how these seasonal deposits translate into sedimentary OM, and how they are recorded, if at 
all, in the sedimentary record. 
The sediment-water interface is a region of high biological activity, providing a surface on which OM 
(food for micro- and macro-benthos) can accumulate. The deep seas were thought to be barren but the 
discovery of rapidly sinking OM, and the existence of fluff layers, has provided a mechanism by 
which food could be transferred to depth. Rapid colonisation of the phytodetritus by bacteria has also 
been observed (Lochte and Turley, 1993) and it changes visibly in character due to degradation, 
becoming more granular and dense (Rice et al., 1994). The highest concentrations of bacteria, the 
primary degraders of OM in the deep sea (Deming and Baross, 1993), occur in surface sediments 
(Craven et al., 1986; Jahnke, 1990). Bacterial numbers decrease by an order of magnitude over the 
upper 10 cm of marine sediments (Deming and Baross, 1993), suggesting that bacterial degradation of 
OM should be most extensive at the sediment-water interface. A wide variety of bacteria exist both 
above and within the sediments and these are adapted to changes in redox conditions that prevail in 
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Figure 1.6 Idealised zones of oxidants used by bacteria for OC degradation in marine sediments 
(from Deming & Baross, 1993). 
Remineralisation of material within the sediments is brought about via the sequential downcore 
utilisation of oxidising agents 02, NO3 , Mn4 ' Fe3 , and S042 (Figure 1.6), as determined by the free-
energy released by the reaction (Santschi et al., 1990; Libes, 1992). As a result of slow sedimentation 
rates (< 10 cm kyf') in the deep-sea, remineralisation primarily occurs at or near the sediment-water 
interface (Jahnke, 1990; Grundmanis and Murray, 1982). These slow sedimentation rates, coupled 
with lower OM inputs compared with those in shallower environments, means that oxic respiration 
(utilisation of 02)  is the dominant OM remineralisation pathway in the deep sea (Jahnke et al., 1982; 
Bender & Heggie, 1984; Soetaert et al., 1996; Lohse et al., 1998). The downcore profiles (Figure 1.7) 
of these OM oxidising agents, or their reduced products (e.g. Mn 2 , Fe 2+,  S2 ), have been used to 
estimate OM breakdown rates on the basis of known stoichiometric reaction equations, once diffusive 
losses out of the sediments have been accounted for (e.g. Bender et al., 1977; Froehlich et al., 1979; 
Grundmanis and Murray, 1982; Berner and Westrich, 1985; Jahnke et al., 1990). Fluxes of these 
oxidants, or of the OM breakdown products e.g. nutrients, DOC, dissolved organic nitrogen (DON) 
and dissolved inorganic carbon (DIC), across the sediment-water interface, have also been used to 
assess OM degradation rates within the sediments (Jahnke et al., 1990). These fluxes have also been 
found to respond to seasonal OM inputs (e.g. Smith and Baldwin, 1984; Graf, 1989; Pfannkuche, 
1993; K. Smith et al., 1994). 
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Figure 1.7 Idealised depth profiles of redox conditions (a) E h and oxidant/ reduced product 
concentration (b) Mn02 and Mn2 , (c) NO3 , NO2 , and NH4 , (d) Fe203 and Fe 2+'  (e) ECO2  and 
CH4 concentrations in marine sediments (Libes, 1993). 
The arrival of OM in pulses after seasonal surface bloom events (e.g. Dueser et al., 1981; Newton et 
al., 1994) leads to dramatic changes in the benthic environment (Lampitt, 1985; Pfannkuche, 1993) 
increasing both biological activity and diversity (Grassle and Morse-Porteous, 1987). The activity of 
benthic macrofauna and megafauna has long been known to modify significantly the structure, texture 
and composition of marine sediments (eg. Boudreau, 1986a and references therein). This benthic 
activity, including feeding, burrowing and habitat construction, is encompassed in the term 
bioturbation (e.g. Wheatcroft et al., 1990). The benthic standing stock of meso-, macro- and mega-
fauna is determined by the OC flux to a region (e.g. Rowe et al., 1990) and a strong benthic-pelagic 
coupling exists (Graf, 1989). The OM supply is a function of surface water primary productivity but 
can also vary with the depositional environment and the deep-water current regime. 
Bioturbation can influence OM burial in a number of ways, either as a result of physical mixing, or 
through changes in the environment of the deposited OM (e.g. exposure to different chemical redox 
conditions, exposure to different amounts of bacterial activity). It may be non-selective, with activity 
leading to random movements of material up or down, which can affect (re-)exposure to resuspension, 
redox conditions or microbial populations (e.g. Smith et al., 2000 and references therein). Organisms 
may select particles on the basis of their OM content or density (e.g. Mayer et al., 1988). Deposited 
OM is reported to be ingested numerous times by larger organisms before burial (Deming and Baross, 
1993). However, the OM transformations resulting from such ingestion remain largely unknown. 
OM is also transferred to depth in sediments by larger organisms through the action of feeding and 
burrowing (Billet et al., 1983). The primary agents of bioturbation in typically low energy deep sea 
environments are large deposit feeders (Jumars et al., 1990). Deposit feeders can bring about the 
rapid subduction and/ or mixing of organic-rich phytodetritus (e.g. Graf, 1989; Smith et al., 1993, 
1996, 2000; Levin et al., 1997). Hence, bioturbation may smear the stratigraphic record of deep sea 
sediments (Boudreau, 1986a). Benthic macrofauna also affect microbial processes, leading to an 
increase in overall benthic community metabolism as demonstrated by higher amounts of 02 uptake 
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and CO2 release (Andersen and Kristensen, 1993). Experimental studies have shown that the presence 
of macrofauna enhances the degradation of freshly deposited algae (Andersen and Kristensen, 1993). 
Burrowing also irrigates the sediments, allowing the passage of fresh oxygenated seawater into the 
sediments (Billett et al., 1983; Aller, 1984a; Aller and Aller, 1998). Mixing by benthic organisms can 
also lead to the intermittent penetration of 02 to depths of 10 cm or more, forming a pathway for the 
introduction of 02 and of other electron acceptors (e.g. NO 3 , S042 ), to depth in sediments (Aller, 
1982). Although the flushing of burrow structures is often less than 100% efficient, irrigation can 
enhance the 02 flux into sediments (Archer and Devol, 1992). Oscillations in sedimentary redox 
conditions may lead to more extensive OM degradation within and adjacent to the bioturbated zone 
than occurs under static conditions (Aller, 1984a; Aller and Aller, 1998). Therefore, organisms 
influence directly the pathways, rates and extent of OM remineralisation, but the quantity of OM, its 
composition and the seasonality of deposition will also affect the distribution of organisms that are 
dependent on OM deposition for their nutrition. 
Material deposited at the sediment-water interface may also be subject to resuspension in the BBL 
(e.g. Billet et al., 1983; Gardner et al., 1985; Rice et al., 1994), thus extending the residence time of 
OM and mineral grains in this environment. The resuspension and reworking of sediments returns 
them to a regime of increased microbial activity and contrasting 02 conditions, which should act to 
enhance OM degradation. Phytodetritus, in particular, is a flocculent, low-density material and is 
therefore easily resuspended. Diurnal resuspension events of this material, resulting from tidal 
currents, have been observed in water depths of more than 4000 m using deep-sea photography, and it 
has been suggested that there is always some portion of the phytodetritus in suspension (Lampitt, 
1985). Sediments are more dense than phytodetritus and, therefore, greater current speeds are 
required to bring them into suspension. Resuspension is governed by grain size, with smaller particles 
being more easily mobilised than their coarser counterparts. The degree of resuspension will also be 
influenced by particle settling velocity, bed-form scale (roughness), sediment porosity, critical shear 
stress for each size-fraction, consolidation that influences critical shear stress, permeability, aggregate 
structure and a sediments organic content (McCave et al., 2001). Once resuspended, particles are 
subject to the dynamics of the benthic nepheloid layer, such as increases in residence time, attrition, 
coagulation, and biological ingestion. Gardner et al. (1985) estimated the residence time of 
resuspended particles between 5 and 500m above bottom to be from weeks to months, increasing the 
exposure time of material to BBL forces. Lengthening the time that OM spends in the water column 
will decrease further its reactivity (Walsh et al., 1988a), and at the base of nepheloid layer, the OM 
will be subjected again to bioturbation, re-exposure to a sequence of porewater oxidants, and possible 
ingestion, that are likely to lead to further modifications. Even in low energy deep sea environments, 
intermittent resuspension events occur as the result of benthic storms (Hollister and McCave, 1984). 
Such erosion events remove the surface sediments from their deposition environment where 
concentrations of 02 will be lower, and concentrations of reduced species higher, compared to bottom 
water (Grant and Bathman, 1987; Marinelli, 1992). 
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Based on the limited current knowledge of the BBL, it appears that BBL processes are highly 
selective. The aim of this research is to identify some of the key processes in this important region to 
improve understanding of OM burial and to facilitate reliable interpretation of the sedimentary record. 
1.3. Organic Matter Preservation 
A number of environmental factors have been examined in an attempt to discern the most important 
influences on OM preservation in marine sediments. As many of these parameters are interrelated, it 
has proved difficult to deduce the relative importance of a variety of environmental conditions, to OM 
sequestration. Nonetheless the following have, in the past, been suggested to control or at least 
influence strongly, OM burial: 
Bottom water 02 concentrations 
Primary productivity! OM supply rate 




Traditionally, it was thought that the presence of low oxygen bottom waters was a pre-requisite for the 
formation of organic-rich deposits, that are the precursors to fossil fuels (e.g. Demaison and Moore, 
1980). Although organic-rich deposits are often found in these environments, a universal relationship 
between bottom water 02 concentration and the OC content of underlying sediments or the efficiency 
of OC burial (proportion of incoming flux that ultimately becomes buried) has not been found 
(Henrichs and Reeburgh, 1987; Pedersen and Calvert, 1990; Betts and Holland, 1991). Laboratory 
(e.g. Berner and Westrich, 1984) and field studies (e.g. Cowie et al., 1992) have also shown little 
difference between the relative degradation rates of fresh OM in oxic versus anoxic modern marine 
environments (Henrichs and Reeburgh, 1987). Initial rates of OM degradation are the same under oxic 
and anoxic conditions (Henrichs, 1992; 1993; Emerson and Hedges, 1988). The observation that 
remineralisation has been observed to be slower in anoxic zones is thought to reflect the fact that by 
the time OM buried to deeper anoxic horizons, it is already partially degraded and therefore is less 
labile than material initially reaching sediments. It has already been subjected to oxic degradation in 
the water column and in upper sediments and, as pointed out by Middleburg (1989), OM 
decomposition rates usually decrease with increasing sediment depth whether under oxic or anoxic 
conditions. Henrichs and Reeburgh (1987) argued that because OM spends the greatest proportion of 
time buried under anoxic conditions then anaerobic processes must govern the amount of OM 
ultimately buried. However, there are others that suggest a role for 02 in the degradation of oxygen 
sensitive molecules (e.g. lignin; Benner et al., 1984), which degrade less rapidly, if at all, under anoxic 
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conditions (Canfield, 1994; Hedges and Kiel, 1995; Hedges et al., 2000) but that the presence or 
absence of 02 has no effect on young, labile OC. Despite this possible role for 02 which will be 
reconsidered in the forthcoming pages as more recent ideas on OM preservation controls are 
presented, it seems clear that anoxia is not a pre-requisite of high OM preservation. 
This notion of the importance of 02 was challenged by proponents of the "primary productivity" 
hypothesis (e.g. Calvert, 1987; Pedersen and Calvert, 1990) who suggested that the OM-rich deposits 
underlying waters of low 02 concentration, were in fact the cause of the bottom water 02 depletion 
rather than a result of it. These authors argued that high productivity leads to high OM fluxes through 
the water column and to the sediments, and as a result of these high OM fluxes, the large amounts of 
decaying biomass in the water column bring about bottom water 02 depletion. They continued that 
the resulting anoxic sedimentary conditions as a consequence enhance or are required for high 
preservation of OC. Rationally, it makes sense that high primary production would be required for 
high OC burial in view of the fact that most OM reaching the seafloor is remineralised (Hennchs, 
1992; 1993), and conversely, if no OM was delivered then none could be preserved. However, higher 
primary production and! or OM supply rates do not explain why varying proportions of OM escape 
respiration. Ultimately, it remains debated whether any relationship between OM content and oxygen 
depletion is causal and there is no universal correlation between OC supply rate and the rate of OC 
burial (Henrichs and Reeburgh, 1987). 
Sediment accumulation rate is one of the factors most commonly cited to be of primary importance to 
sediment OC content and OM burial (e.g. MUller and Suess, 1979; Henrichs and Reeburgh, 1987; 
Betts and Holland, 1991; Canfield 1994), affecting OM reactivity and ultimate preservation. It is 
thought that the generally observed increase in sediment OC content in environments with high 
sediment accumulation rates results from a quicker transition though the most diagnetically active part 
of the sediments. It is expected that bacterial and animal activities will be highest at or near the 
sediment-water interface, and this is also where the most potent electron acceptors are found (see 
references above). Therefore, the rapid removal of OM through this zone should reduce the 
opportunity for oxic respiration and benthic digestion to occur, and sediments will become more 
quickly "capped" from dissolved 02 NO3 and S042 (Henrichs, 1992). However, the commonly found 
correlation between sediment accumulation rate and OC content, provides no mechanistic information 
on OM decay pathways and it does not indicate what it is about the rate of deposition (e.g. bacterial-, 
macrofaunal-, or 02 exposure) that results in higher OC burial. Additionally, correlation between OC 
burial and sediment accumulation rate is not independent because OC burial is a function of sediment 
accumulation rate. Burial rates are dominated by sedimentation rate, which vary by> 5 orders of 
magnitude compared with sediment OC contents that vary by a maximum of three orders of 
magnitude. 
A further complicating factor that also makes drawing decisive conclusions on the influence of OM 
burial more difficult is the interdependency of parameters. For example, sedimentation rate and the 
previously cited factor, OC input rate, tend to be correlated (Jahnke, 1990) and therefore, in areas of 
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higher primary production, the rate of passage of the sedimenting OM through the biological active 
zone tends to be high, and length of exposure to specific oxidants or to biological agents of OM 
transformation and remineralisation is low. In fact productivity, bottom water 02, and sediment 
accumulation rate are not independent as high productivity leads to reduced bottom water 02 
concentrations, and productivity also leads to increased sedimentation through the production of 
biogemc minerals (deposition of accompanying biominerals). Changes in sedimentation also bring 
about changes in sediment texture that are also likely to influence OM remineralisation and burial as 
less permeable sediments will have a reduced supply rate of dissolved oxidants (Ransom et al., 1997). 
Furthermore, sediment accumulation rates, along with OC input and burial rates, are subject to 
independent processes such as dilution by minerals and resuspension (Hedges and Oades, 1997). At 
very high sedimentation rates (e.g. in deltas), the relationship between sediment accumulation rate and 
OC burial breaks down because of dilution (Hedges and Keil, 1995). 
OM quality has been suggested to influence OC burial rates, as the greater the amount of refractory 
OM being delivered, the more OM should be resistant to, and thus escape from, degradation. Decay 
rates are greater near the sediment surface than at depth because of increasing proportions of 
refractory material. These reductions in decay rates which have been modelled in sediments as 
multiple components with different reaction rates (e.g. Multi- G Model; Berner, 1980; Westrich and 
Berner, 1984) or by modelling decay rate as a function of time (e.g. Middleburg, 1989), should also 
apply when considering material subject to different degrees of alteration prior to deposition. The rate 
of supply of refractory OC and bulk solids both depend on strength and character of winnowing 
processes and thus OM quality is, in part, responsible for correlation between OC burial efficiency 
and sediment accumulation rate (Henrichs and Reeburgh, 1987). Differences in OM quality are also 
linked to primary production and OC supply rates as OM of a less degraded state is typically delivered 
when primary productivity and OC supply rates are high. In addition to the relative degradation state 
of OM of marine origin, the proportion of OM from terrestrial sources will also influence OM burial 
as OM of terrestrial origin tends to be relatively unreactive (Henrichs and Reeburgh, 1987). However, 
there is recent evidence that mixing of old refractory compounds with young labile OM increases 
degradation of the combined OM in a process of co-metabolisation (Canfield, 1994). 
Geopolymerization (the incorporation of labile molecules into refractory geopolymers) is known to 
inhibit OM decomposition by some organisms (Hedges and Oades, 1997). The concentrations of 
geopolymers increase as OC concentration decreases. Different extents of geopolymerisation in 
sediments will therefore alter OM burial. 
Adsorption can also inhibit biodegradation because once adsorbed OM decomposes more slowly as a 
result of its inaccessibility to bacteria (Christensen and Blackburn, 1980; Sugai and Henrichs, 1992). 
Closely linked to this is the influence of matrix effects or physical packaging (e.g. Cowie and Hedges, 
1992; Lee and Wakeham, 1992) which also reduces the extent of alteration, by isolating OM from the 
bacteria and their exoenzymes. 
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Figure 1.8 Plot showing typically observed ranges of organic carbon content for oceanic 
sediments in different regions (after Hedges and Keil, 1995). Shaded area denotes OC: SA 
ratios in the envelope 0.5-1.1 mg OC/ m 2 that is typical of "Continental Margin Loadings". 
The conclusion that may be drawn is that none of the parameters listed and discussed above prove to 
be robust and universally diagnostic of long term OM burial. They do not reveal why some fraction 
of OM is unavailable to microorganisms at least on timescales represented by surface sediment cores 
(Henrichs and Reeburgh, 1987) and as Hedges and Keil (1995) point out, as most OM is remineralised 
there must be something special about the OM that escapes this fate. In recent years, new ideas have 
been presented concerning the influence of adsorption and 02 and their interaction, on OM 
preservation in a variety of marine environments. 
Although OM is delivered to the sediment as discrete particles, more than 90% of total sedimentary 
organic matter, in a wide variety of marine environments, cannot be physically separated from the 
associated mineral matrix, indicating that it is sorbed to mineral surfaces (Hedges and Keil, 1995). 
Recent work has shown that there is a widespread relationship between the OC content and mineral 
surface area (SA) of sediments in a wide variety of continental margin sediments with different rates 
of OM deposition (Mayer et al., 1988; Mayer, 1994a and b). Although it was found that the 
relationship between mineral SA and OC was poor at the sediment-water interface, nearly all sites 
showed that after an initial downcore loss of OC, there was a direct relationship between the OM 
content of deeper sediments and their mineral SA as determined by the BET-method of N 2 adsorption 
(Figure 1.8). Mayer interpreted this broadly existing, stabilised OC concentration (slope: 0.86 mg OC 
m 2), to be the refractory background level reached when all the remineralisable material had been 
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Figure 1.9 A) Downcore organic carbon (OC), mineral surface area (SA) and OC: SA ratio for 
sediments collected in 637 m water depth on the Washington Margin. Sub-samples (A-D) taken 
from 1-2, 5-7,19-24 and 32-36 cm horizons were used to conduct the desorption experiments are 
indicated on an age rather than a depth scale that was determined by 210Pb sediment 
accumulation rates. B) Degradation of desorbed OM from samples A-D inoculated with bacteria 
from overlying surface water from for the four ages (depths) shown in A). Control experiments 
were used for desorbed OM without added microbial assemblages (Keil et al., 1994a). 
removed, and concluded that this observed association strongly suggested that there is a sorptive 
control on the OM content of marine sediments. Mayer's conclusion was then supported by field data 
presented by Keil et al. (1994b), who found that sediment OC content on the Washington Margin was 
more strongly related to sediment SA than to two commonly-cited factors thought to influence 
sediment OC concentrations, local primary productivity or bottom water 02 concentration. 
The OC loadings observed first by Mayer et al. (1988) and then by Keil et al. (1994b), fell into the 
range calculated to be equivalent to a monolayer coating of an average-sized organic molecule on a 
mineral surface (0.5 - 1.1 mg OC m 2). This was termed the "monolayer-equivalent" level although it 
was stressed that the mechanism of the organic-mineral association, i.e. whether it was in the form of 
a simple uniform coating, was not understood. Hydrodynamically-separated sediment size-fractions 
from the Washington Margin were also found to display "monolayer-equivalent" loadings confirming 
that the OM distribution along this continental margin could not be explained simply by sediment 
winnowing and that OM must therefore be adsorbed (Keil et al., 1994b). However, recent findings 
based on Transmission Electron Microscopy (TEM; Ransom et al., 1997) and X-ray Photoelectron 
Spectroscopy (XPS; Amarson and Keil, 2000) of sediment grains, and on modelling of N 2 adsorption 
thermodynamics during SA analyses (Mayer, 1999), have suggested that OM is not associated with 
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mineral grains as a uniform monolayer coating but is present as discrete "blobs" and "smears". 
Therefore, since the inception of this work on organic-mineral interactions, the use of the term 
"Monolayer Equivalent" to refer to the range OC: SA loading typical of continental margin sediments, 
has been withdrawn from use. From henceforth, use of the term "Monolayer Equivalent" to refer to 
the OC: SA loading range of 0.5 - 1.1 mg OC m 2 is replaced to as the "Continental Margin Loading" 
range in this thesis. 
Examination of the micro-topography of the mineral surfaces revealed that most of the available SA 
was present in mesopores less than 8 nm wide (Mayer, 1994a). Mayer reasoned that any sorbed OM 
is likely to be within these pores and would, therefore, be protected from the enzymes (minimum size 
4 nm) that bacteria exude in order to assimilate organic molecules. However, based on their TEM 
work, Ransom et al. (1997) suggested that OM and microbes are intimately, discontinuously and 
inseparably associated with clay minerals in clay-sized fraction of sediments, and that sediment SA is 
primarily a function of the presence of non-spherical clays and oxyhydroxides with high SA: volume 
ratios and not intrinsic surface roughness (Ransom et al., 1998). They argued that only a small 
proportion of these high SA particles, with their associated OM, would need to be incorporated in 
coarse sediment size-fractions in order for the SA of a given size-fraction, and hence its implied 
surface roughness, to increase dramatically and that incorporation of clays would also explain the high 
OC contents that lead to sample OC: SA ratios within the continental margin loading range. Ransom 
et al. (1998) also argue that protection within aggregates that have the ability to limit the diffusion of 
oxidants and bacterial exoenzymes to OM, may be important. However, the apparent association of 
OM as blobs and smears, does not discount the possibility that OM protection may occur within 
sediment pores and it is possible that protection of OM both within mesopores and stable aggregates 
occurs. 
Moreover, sorption appears not only to be responsible for OM burial but also seems to affect the 
composition of material preserved. A portion of the sorbed OM has been shown to be reversibly 
bound to particles. Incubation studies conducted on continental slope sediments (1-2, 5-7, 19-24 and 
32-36 cm horizons equivalent to sediment ages <50, 160, 300 and 400 years, respectively) have 
shown that 25-50% of the associated OC could be removed by sequential treatment with ultraviolet-
oxidised sea water (a treatment to produce organic-free sea water), 2N KC1 and distilled water (Keil et 
al., 1994a). When this desorbed OM was inoculated with a viable bacterial population from the water 
column above, more than 70% was remineralised within a week (Figure 1.9). This is remarkable in 
view of the fact that this organic material had remained in sediments resisting in situ bacterial 
breakdown, in some cases for nearly 500 years. Sorbed OM, therefore, appears to be intrinsically 
reactive material that is protected from degradation through its association with a mineral matrix. 
Investigations into sediment OC contents and mineral SA were then extended to encompass a wider 
range of marine environments, and it was discovered that although both continental shelf and upper 
slope sites display OC loadings in a narrowly defined range (0.5-1.1 mg OC m'), loadings do not fall 
in this range in all sites (Figure 1.10). In regions where bottom water with a low dissolved 02 
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Figure 1.10 Generic ocean profile diagram showing a continental margin transect with zones of 
organic carbon: surface (OC: SA) loadings that decrease from 0.5-1.1 mg 00m 2 on the upper 
margin to <0.5 mgOC/m2 in the deep sea. This decrease in OC: SA is accompanied by 
decreases in surface water productivity and sediment accumulation rate, and increases in 
bottom water oxygen concentration and oxygen exposure time. After Hedges and Keil (1995). 
concentration impinges on the sediments (e.g. off the coast of Peru), OC has been found in amounts 2-
5 times greater than typical continental margin loadings (Figure 1.8; Hedges and Keil, 1995) whereas, 
at deep-sea sites and in deltas, OC loadings are less than those seen on continental margins (Hedges 
and Keil, 1995). 
For some reason, processes occurring at deep-sea sites act to overcome the sorptive protection of OM 
apparent in continental margin enviromnents. In contrast to shelf and upper slope sites, primary 
productivity in surface waters of the deep sea is generally 2-5 times lower than over continental 
shelves; the water columns here are deeper, and sedimentary accumulation rates are slower by 2-6 
orders of magnitude (Henrichs and Reeburgh, 1987). This lengthens the time OM spends at the 
sediment-water interface and consequently increases exposure to processes occurring there. Slower 
sediment accumulation will also produce greater penetration of oxygen and other electron acceptors 
into sediments. 
It is hypôthesised that it is this longer exposure to oxygen and other electron acceptors, termed 
together as the "oxygen effect" (Hedges and Keil, 1995), that brings about the more extensive 
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Figure 1.11 Weight percentages of organic carbon (%OC), total nitrogen (%TN) and the 
corresponding atomic C/N ratios, (C/N)., of oxidised (light shading) and unoxidised horizons 
(dark shading) of a turbidite on the Madeira Abyssal Plain, Northeast Atlantic (Cowie et al., 
1995). 
degradation of OM. Hedges and Keil (1995) suggest that in reducing environments there is some 
component of sedimentary OM that is protected from degradation or that degradation is very slow but 
under prolonged oxic conditions, degradation is facilitated. 
The implication of sorption of OM is that the organic molecules were at one time dissolved (Hedges 
and Keil, 1995). This then raises the question of how OM transforms from being intact algae in 
surface waters to the sorbed OM observed in sediments. In the upper water column, OC: SA ratios 
are far in excess of a continental margin loadings (e.g. some source phytoplankton have OC: SA 
tending to infinity), but by the time material is deposited at the deep sea sediment-water interface, the 
loading has been reduced to lower than continental margin levels. The exact position of the change 
from continental margin to sub-continental margin loadings somewhere on the lower continental slope 
in the Northeast Altantic (the region of this study), is not known and the balance between sorptive 
preservation and aerobic degradation has yet to be determined. 
Evidence has been found for the influence of oxygen over longer timescales by studying deep-sea 
turbidites. Turbidites are organic-rich, homogeneous sedimentary deposits brought about by the flow 
of material along the seafloor from upper continental margins where oxygen exposure is limited. Once 
deposited in the deep-sea where sediment accumulation rates are lower, oxygen diffuses through the 
sediments until the deposit is "capped" by another turbidite or through the slow accumulation of 
sedimentary material. Sharp redox fronts can be seen within these deposits and these essentially give 
a "before" and "after" picture showing the effect of increased oxygen exposure. Significant 
degradation of OM has been found across these fronts. For example, Cowie et al. (1995) found that 
only 20% of the original OC and 40% original total nitrogen remained (Figure 1.11). 
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Recently, evidence for an oxygen effect in modern sedimentary environments has been found by 
comparing a tTansect off Mexico, which includes a region with low bottom water oxygen 
concentration, with a transect off Washington (Hartnett et al., 1998). The burial efficiency of OC 
defmed as the burial rate of OC below 15 cm as a percentage of OC reaching the seafloor, was plotted 
against oxygen exposure time which was calculated from the depth of oxygen penetration and the 
sediment accumulation rate, for these and other sites. Clearly, the efficiency of OC preservation was 
lowest at sites with the longest oxygen exposure and these also tended to have the lowest %OC 
content. The extent of OM remineralisation in continental margin sediments is controlled by the 
average period of time that accumulating particles reside in the oxic porewaters immediately beneath 
the sediment-water interface (Hedges et al., 1999). 
It therefore appears that there is a balance between sorptive protection and aerobic degradation over 
long timescales. However, many questions remain with regard to the influence of sorption on the 
amount and composition of OM ultimately preserved in a variety of marine settings. On continental 
margins OM sorption coupled with hydrodynamic sorting processes is a major control of sediment 
OM accumulation with sediments displaying varying OC contents but these are related to sediment 
surface area. In the deep sea the situation is more complex. Here the SA-normalised OC contents are 
much lower; apparently the sorptive preservation observed on Continental margins is overcome by 
prolonged exposure to 02.  If prolonged 02 exposure is responsible for lower OM burial in deep sea 
sediments, as a result of pervasive sediment OM oxidation, then the degree of 02 exposure should be 
reflected in the degradation state of the buried OM. Diagenetic alteration is characterised by trends in 
biochemical composition showing preferential loss or preservation patterns that can be used as OM 
maturity indicators. Thus, the extent of diagenetic alteration may reflect degradation history of natural 
samples that typically have multiple sources (Cowie and Hedges, 1994). Proteins and polysaccharides 
are important identifiable components of OM that are labile and can be used as indicators of early 
diagenesis. Three parameters, in particular, are commonly used: percentage of OC as total 
hydrolysable amino acids (T) and as neutral sugars (T su0) denoted by %(T + TSUG), and the 
percentage of sediment N as amino acids (%T-N) which both decrease as degradation proceeds, and 
percentage of non-protein amino acids J3-alanine and y-amino butyric acid (%(BALA + GABA), 
which increases as degradation proceeds. Figure 1.12 shows that %(T + TSUG) and (%T-N) 
decrease with increasing degradation ranging from source organisms (least degraded), shallow 
sediments deposited under both oxic (Dabob Bay) and anoxic conditions (Saanich Inlet), deeper 
sediments (again from environments with oxic and anoxic surficial sediments), to pelagic turbidites, 
which originated from a coastal setting, prior to and since long-term 02 exposure (most degraded). In 
the opposite fashion %(BALA + GABA) increased in this same sample set again reflecting an 
increase in degradation state from source organisms to oxidised turbidites. There is clear evidence for 
an oxic effect for turbidite and for shallow water samples whereby 02 exposure time increases from 
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Figure 1.12 Biochemical indices of OM degradation in samples of different diagentic maturity. 
Samples range from OM source organisms (i.e. phytoplankton, bacteria, white-rot fungi, 
zooplankton, marine macrophytes, angiosperm and gymnosperm tissues), annual average 
sediment trap samples, shallow and deep sediments from two coastal environments: Dabob Bay 
where bottom waters are oxic and Saanich Inlet where bottom water are anoxic, and for the 
Madeira Abyssal Plain turbidite in depth intervals below the depth to which oxygen has 
penetrated (reducing) and in material that has been subject to long term 02 exposure (oxic). 
Diagenetic parameters are a) %OC (dry wt.), b) percent OC present as amino acids and neutral 
sugars, %(T + TSUG)OC, and c) percent N as amino acids, %TN, which decrease as 
degradation proceeds, and d)mole percent of 3-alanine plus y-amino butyric acid, %(BALA 
+GABA), which increases as degradation proceeds. Reproduced from Cowie and Hedges (1994). 
In a study conducted on the Washington Margin, indicators of diagenetic history associated with 
changes in OC: SA ratios and variations in oxygen exposure time (OET) were specifically 
investigated (Hedges et al., 1999). These authors found that moving along a transect offshore, the 
sample sites displayed increasing water depths, slower sediment accumulation rates, decreasing OC: 
SA ratios and increasing OET that were coupled with an increase in the degradation state of OM, as 
indicated by several diagnostic biochemical parameters (Figure 1.13). Therefore, OC: SA ratios do 
appear to reflect OM degradation state, and increased 02 exposure times led to lower SA-normalised 
OC contents and increases in OM degradation state. More recently, new methods of evaluating OM 
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Figure 1.13 Organic carbon/ surface area ratios (OCt SA) plotted versus: A) mole percent of - 
alanine plus y-amino butyric acid, %(BALA +GABA), B) one hundred times the inverse weight 
percent glucose, 100/ % GLC, and C) log 02 exposure time (OET) for Washington margin 
sediments, all of which decrease with increasing OM degradation state. Reproduced from 
Hedges et al. (1999). NB. Numbers are site numbers in their study and were not attributed in 
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degradation state by applying the multivariate technique of principle component analysis to amino 
acid compositional data have been developed (Dauwe and Middleburg, 1998; Dauwe et al., 1999a). 
This technique has been used to derive a degradation index but this has not been investigated as yet, in 
the context of OC: SA ratios and OET. Keil et al. (1994a) demonstrated that a large proportion of 
sorbed OM is labile but little is known about how this translates to specific groups of biochemicals. 
Keil et al. (1997) found that in Washington Margin sediments amino acids tended to be associated 
with clay and fine-silt size fractions the whereas carbohydrates were more concentrated in the coarser 
silt fraction. These authors concluded that in their study area, mineralogy did not influence the quality 
of OM buried. However, similar work has not been conducted in other regions where contrasting 
mineralogy may exert an influence on OM burial. It is likely that particular types of biochemicals will 
be preferentially adsorbed as a result of different affinities for the dissolved or particulate phase 
present. 
In this thesis the relative importance of sedimentation rate, primary production, water column depth, 
benthic production, bioturbation, and 02 exposure are investigated in relation to the quantity and 
quality of OM buried in the Northeast Atlantic. Particular attention is paid to these processes 
occurring within the BBL because its high particle load suggests that this region probably plays a 
critical part in the transformation of OM into sorbed coatings on mineral surfaces. 
1.4. The "BENBO" Programme 
This project is part of the NERC thematic programme 'BENBO' examining the Deep Ocean BENthic 
BOundary layer (BBL). The programme is an inter-disciplinary study designed to assess the impact 
of the BBL as a whole and in terms of inter-site variations in depositional setting, on deep-sea biology 
and geochemistry. It also aims to determine the significance of processes occurring in the BBL 
compared to those in the sediments below, on the fluxes of materials (both natural and anthropogemc) 
across the sediment-water interface, and to determine what is incorporated into the sedimentary 
record. A total of nine projects contributed to BENBO with researchers studying sedimentary 
processes, microbiology, benthic biology, organic and inorganic cycling and benthic fluxes, and 
organic and inorganic mineral interactions. 
The selected region of study, the Atlantic Frontier (eastern North Atlantic), provided a relatively 
pristine marine environment in which to conduct the research and the opportunity to investigate the 
cycling and burial of marine snow due to the seasonal nature of OM delivery to the seafloor in this 
area. After a preliminary survey cruise (CD 107) during August 1997, two research cruises were 
undertaken on the RRS Charles Darwin: 111 from 20 April-15 May, 1998 and 113 from 28 June -22 
July, 1998. These were timed to take place either side of the spring phytoplankton bloom, meaning 
that analyses would provide useful contrasts for different seasonal states. 
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1.5. Project Rationale 
Sediment trap studies have shown that OM deposition is highly seasonal (e.g. Deuser etal., 1981; 
Billet et al., 1983) and that the composition of particulate OM in the deep sea is substantially different 
from that in the underlying sediments as a result of the loss of more labile organic compounds (e.g. 
Jahnke, 1990; Cowie and Hedges, 1991, 1992a; Wakeham et al., 1997). During transit OM must pass 
through the highly dynamic BBL where it is subjected to resuspension, high bacterial populations, 
bioturbation and bioirrigation (references above). 
In recent years, studies have shown that interactions occur between OM and mineral particles 
resulting in a positive correlation between sedimentary OM content and mineral surface area (SA) 
(Mayer, 1994a and b). Experiments have shown that at least a portion of this sorbed OM is reversibly 
bound and that sorption protects inherently labile material (Keil et al., 1994a). Continental margin 
sediments display loadings of 0.5-1.1 mg OC m 2 of mineral surface; however, in deep-sea sediments 
the loadings are substantially less. An increased exposure time to oxygen and other electron acceptors 
as a result of slower deep-sea sedimentary accumulation rates, has been suggested to be the cause of 
this decrease in organic carbon (OC): SA relationship (Hedges and Keil, 1995). 
These observations form the basis of the hypotheses to be tested. 
Hypotheses 
• The associations between OM and mineral surfaces are critical in determining the fate of OM, 
and processes occurring within the BBL, microbial, physical, and chemical, play a critical role in 
governing these interactions. 
Resuspension events within the BBL influence the quantity and quality of OM buried as a result 
of prolonged exposure to oxygen and greater bacterial populations. 
• Pulsed OM input events can simulate atypical burial of OM by reducing exposure to bacterial 
activity and oxidants. 
• The proportion of sorbed OM as identifiable biochemicals and composition of these 
biochemicals will indicate the relative importance of sorptive, mineralogical and matrix 
preservation effects on the quantity and quality of OM buried. 
On the basis of these hypotheses research was conducting within the following framework: 
Objectives 
• To characterise both quantitatively and qualitatively the OM composition of particles across the 
BBL and to relate this to mineral grain-size distribution, surface area and mineralogy. 
• To determine the role of resuspension events in promoting microbial degradation of OM and 
desorption of organic material from mineral surfaces. 
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. To conware  parameters assessed in 1. and 2. at contrasting sites before and after seasonal 
deposition events. 
• To establish the ability of burrowing organisms to transfer labile biochemicals to depth in the 
sediment, potentially leading to the burial of these compounds. 
and the following questions were addressed: 
. What are the OC: SA loadings of water column particulates? 
. How does OM transform from intact algal cells in surface waters to low concentrations of OM in 
deep sea sediments and is the deep ocean BBL a critical site for this alteration? 
• Is there evidence for an oxic effect influencing OM preservation and burial in the Northeast 
Atlantic and if there is, where does the turning point between sorptive preservation and oxic 
degradative control on OM burial occur in the Northeast Atlantic? 
• How do fluff layers translate into buried OM? 
• What form does the OM associated with mineral surfaces in the deep sea take? 
• Does mineralogy influence the quantity and quality of OM buried? 
• Is a portion of this OM reversibly sorbed? 
• Is there any evidence for the sorptive protection of labile biochemicals both reversibly and 
irreversibly bound to sediment grains? 
• How does resuspension influence OC: SA and OM burial? 
• How does bioturbation influence OM burial? 
Approach 
• A range of samples were collected at various depths above, within and below the BBL, 
representing the typical route OM takes in its transfer from surface waters to the sediments in the 
form of sinking particulate material. 
• These samples were analysed on a bulk basis and for a suite of biochemicals indicative of OM 
source and degradation state. 
• The organic analyses were coupled with assessments of mineral surface area and grain size 
distributions to assess importance of transformation processes in the BBL and the role of sorptive 
processes in determining the fate of OM. 
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• Downcore profiles of a number of biochemicals of varying labilities were produced to test 
atypical burial of organic compounds and these were compared with the analyses of burrow 
contents and adjacent sediments, to investigate the potential for macrobenthic activity to modify 
material incorporated into the sedimentary record. 
• The potential for resuspension to bring about the removal of sorped OM was investigated by 
looking at the portion of desorbable OM, which was then characterised to investigate whether 
bioavailable OM could be liberated through the exposure of sedimentary material to different 
environmental conditions. 
• The above processes were examined at three sites displaying different depths, productivities and 
bottom-water regimes, sediment accumulation and mixing rates, and benthic populations to 
determine the relative importance of these factors for OM burial. 
• The above strategy was employed before and after a seasonal deposition event to enable site 
variations in degradation rates and the response of the benthic system to OM deposition events to 
be assessed. 
Outline of Thesis 
Chapfer 2 
gives details of the study sites. It includes details of the site selection, the intended and modified 
sampling regimes and site information collected during the two research cruises on the productivity 
and bloom timing, currents, and BBL, along with sampling observations (sediments, sediment traps) 
for the contrasting sites and sampling times. 
Chapter 3 
presents sampling, methodological and analytical details. Established methods are described briefly, 
but where significant development took place, such as with lignin, they are described in more detail. 
Chapter 4 
investigates the relationships between bulk sediment parameters of mineralogy, grain-size, SA, OC, 
TN, and IC. OM source is established from OC! TN ratios, stable carbon isotope and lignin data. The 
position of the change from continental margin to sub-continental margin loadings is established. The 
environmental factors of sediment accumulation rate, exposure to bacteria and other organisms, and 
exposure to sediment dissolved 02 are compared with OM inputs, burial and OC burial efficiencies to 
see if they can explain sediment OC: SA ratios and OM burial on this and other continental margins. 
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Chapter 5 
describes the degradation state of marine and terrestrial OM using a suite of biochemicals as indicated 
by amino acids, carbohydrates, hexosamines and lignin, for sediment, sediment trap and fluff samples. 
Biochemical yields along with traditional degradation state indices plus a method that has only 
recently been applied to examine the variance within an amino acid data set, that of principle 
component analysis (PCA), were used for this purpose. The first data on the OC: SA of sinking 
material are presented along with other assessments of the nature of fluxes to these sites. The 
importance of OM source and of mineralogy is examined with regard to determining what controls the 
character of OM preserved at each site. It is confirmed whether OC: SA ratios reflect degradation at 
these sites and it investigates whether biochemical indices can be used as a proxy for oxygen exposure 
time. 
Chapter 6 
aims to refine the conclusions drawn from Chapters 4 and 5 regarding the important controls on OM 
burial. Sediment size-fractions are examined to gain further information concerning the importance of 
sediment source, reworking and resuspension on OM burial. The results of desorption experiments 
are presented showing the proportion and nature of reversibly bound and non-desorbable OM. 
Chemical data for a suite of burrow samples are presented revealing the potential for bethic organisms 
to bring about the atypical burial of labile OM. 
Chapter 7 
summarises the conclusions drawn from this work. 
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2.1. Introduction 
In this section the BENBO sites are introduced. The regional setting is first outlined and then a 
description of the sites and the basis for their selection is given. Details of the research strategy 
employed are then presented. This includes the sampling strategy used to complete the research, and a 
summary of sampling success is presented. An overview of the analyses carried out follows, 
including a broad rationale for analyte selection. A description of site conditions from the generic 
BENBO data set and sampling observations is then provided and summarised, highlighting revisions 
made to the original conceptions of what the sites would be like. 
2.2. Regional Setting 
Physiography 
The Rockall Trough is a long steep-sided basin in the northeast Atlantic to the west of the British Isles 
extending in a SW-NE direction between Ireland and the Rockall Bank (Figure 2.1). It decreases in 
width from approximately 190 km at 520 30'N to 90 km wide at 60°N, spanning water depths of over 
3000 in in the south to less than 1000 in in the north. To the northeast is a topographic high, the 
Wyville-Thomson Ridge, where the water shallows to less than 500 m. This separates the Rockall 
Trough from the Faeroe Bank Channel and the Faeroe-Shetland Channel. To the east is the 
continental margin of northwest Europe forming a smooth boundary at 200 in depth, and to the south 
is the Porcupine Abyssal Plain. The topography is complex in this part of the northeast Atlantic with 
a number of banks and seamounts influencing the regional oceanographic regime. The Rockall 
Plateau where the water shallows to less than 250 in depth separates the Rockall Trough from the rest 
of the northeast Atlantic. To the north of the Rockall Plateau are a further series of banks and 
seamounts that constrain exchange to the north and west to depths of less than 1200m (Ellet et al., 
1986). To the west of the Rockall Trough is the Hatton-Rockall Basin that is bordered to the west by 
the Hatton Bank where the water shallows to a depth of less than 1000 m. 
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Figure 2.1 Map showing location of BENBO study sites and the prevailing bottom-water 
currents in the region. Map modified from BENBO CD-ROM, with bottom currents after 
Stoker et al., 1998. 
Oceanography 
Water masses in the Rockall Trough are of complicated origin but can be separated generally into 
upper and lower water bodies. The upper water mass is referred to as Eastern North Atlantic Water 
(ENAW) which occurs down to 1200-1500 m water depth (Ellet et al., 1986). The water below this 
primarily originates in the Labrador Sea. ENAW enters the Rockall Trough from the south in the 
vicinity of the Porcupine Seabight, moving in a NNE direction (Figure 2.1). There is a general flow to 
the NE in the Rockall Trough, although superimposed on this are numerous irregular mesoscale 
eddies and gyres that confine the consistent northeastward flow to the eastern slope current between 
the shelf edge and depths of-1000 m (Ellet et al., 1986). The upper part of the eastern slope current 
flows over the Wyville-Thomson Ridge into the Faeroe-Shetland Channel. At depths greater than 400 
m, however, the water reaching the northern part of trough is deflected westward by the topography of 
the Wyville-Thomson Ridge. The water is then redirected to the southwest towards the Rockall 
Plateau by a series of banks, resulting in a general anticlockwise flow of deep water in the Rockall 
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Trough. The current along the eastern boundary of the Rockall Plateau, which is strongest at around 
1000 m depth, is known as the Feni Drift (Jones et al., 1970). Seasonally variable overflows of cold, 
dense Norwegian Sea Deep Water (NSDW) over the Wyville-Thomson Ridge into the Rockall 
Trough contribute to this drift. After entering the northern Rockall Trough at depths less than 500m, 
NSDW sinks to a depth of -4 200 m where it then follows a path along the northwest and then west 
sides of the Trough (Jones et al., 1970). Further to the west of the Porcupine Seabight, the ENAW is 
diverted to flow in a NW direction by the Rockall Plateau and forms a current flowing in a NE 
direction centred at around 1 000m depth along the western boundary of the plateau. Here it mixes 
with North Atlantic Central Water (NACW), which is modified as it flows north, forming a water 
mass referred to as Modified North Atlantic Water (MNAW), and has a lower salinity than ENAW 
(Ellet et al., 1986). This MNAW is found over the banks to the north of the Rockall plateau and there 
is evidence for the overflow of this water into the Rockall Trough. 
The deeper Labrador Sea water below the ENAW also enters the Rockall Trough from the south and 
can be distinguished by a salinity minimum and oxygen maximum (Tsuchiya et al., 1992). Since the 
characteristics of this water mass are maintained it is assumed that it is regularly renewed and that, 
like the surface water, it circulates out of the Trough again in the west, forming an anti-clockwise 
circulation pattern (Ellet et al., 1986). In the region to the south of the Rockall Plateau, below the 
Labrador Sea water at a depth of -2700 in, a salinity maximum provides evidence for the existence of 
a further deep water mass; Northeast Atlantic Deep Water (NEADW; Tsuchiya et al., 1992). 
However, the deepest water in this area is the cold, low-salinity Antarctic Bottom Water (AABW) 
that is believed to originate in the southern Atlantic in the region of the Circumpolar Front (Tsuchiya 
et al., 1992). 
The strongest current in the region is the eastern slope current of the Rockall Trough, with lower 
current speeds along the shelf at depth (Figure 2.1). Average flow rates along the slope are in excess 
of 15 cm s' in the region of the Hebrides Terrace Seamount, and increase progressing northwards 
(Huthnance, 1986). However, strong currents have also been recorded on the Feni Ridge, with a 
maximum velocity of —50 cm s being recorded for a 20 minute average within 150 m of the bottom 
(Edelstein, 1980). Strong currents are also suggested by the intense scouring observed around the 
Rosemary Bank and the Anton Dohrn Seamount (Stoker et al., 1998). The currents at depth are 
variable (Ellet et al., 1986), although there is a general northeast drift of 2-5 cm s' (Mauchline, 1986). 
The slope and deeper waters also experience semi-diurnal tidal (M2) currents. Although they are 
generally weak, averaging less than 5 cm s (maximum 21 cm i)  at SAMS Station M to the east of 
the Anton Dohrn Seamount (Gage, 1986 and references therein), it has been suggested that they could 
generate sufficient turbulence to move seafloor sediments (Huthnance, 1986). 
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Sedimentation 
The Rockall Trough is primarily an area of hemipelagic sediment accumulation (Stoker etal., 1998). 
During the late Pleistocene sedimentation inputs were "high" and large amounts of glacial material 
were deposited on the continental slope (Stoker and Holmes, 1991). During this period sedimentation 
is believed to have been dominated by downslope processes, particularly on the continental slope and 
on parts of the basin floor. However, since the last glacial period the area has been a region of low 
sediment input, and present-day sediment transport, particularly in the northern and eastern Rockall 
Trough, is dominated by alongslope transport processes (Masson et al., 2001; and references therein). 
Contourites (contour-following, deep geostrophic current flows) therefore dominate on the slopes and 
basin plain (Stoker et al., 1998). Significant sediment redistribution has occurred during the Holocene 
because of strong slope currents. 
Sediments in the region range from Holocene sands forming a mobile veneer and soft recently 
deposited mud to glacial silts and clays. Glacial dropstones can be found in Rockall Trough 
sediments (e.g. Stoker et al., 1998, Howe et al., 2001). Sediments are mud or sandy mud on the lower 
continental slope but higher up the slope (< 1000 m) the sediments are gravelly indicating a stronger 
bottom current influence sands (Masson et al., 2001). Gravel lags, indicative of strong current 
winnowing and erosion, have also been found within Holocene sandy-contourites (Howe etal., 2001). 
Further evidence for the strong influence of currents on sediment distribution patterns in the Rockall 
Trough is the presence of a sediment drift complex, the Feni Drift, on the western side of the basin. 
Sediment drifts are anomalous sediment bodies and typically accumulate in areas swept by bottom 
currents and where there is a change in gradient of the seabed such as at the base of continental slopes. 
Primary Production 
Primary production in the temperate waters of the northeast Atlantic is highly seasonal (Deuser et al., 
1981; Newton et al., 1994; Sayendranath et al., 1995). Approximately 50% of OM deposited annually 
on the seabed in the northeast Atlantic (Honjo and Manganini, 1993) arrives as a result of, and is 
closely coupled to, surface bloom events, with deposition occurring soon after the start of the spring 
bloom (Asper et al., 1992). The onset of the spring bloom is triggered by changes in hydrographic 
conditions. During the winter months in the region of the Rockall Trough, mixing depths of 400-600 
m (Ellet et al., 1986) are too deep for phytoplankton to remain in lighted surface waters (e.g. > 30-40 
m, the mixed layer depth when the bloom began at 48°N 20°W during 1989, Savidge et al., 1995). 
The deep winter mixing, however, entrains nutrient-rich water to the surface. These nutrients support 
new production in spring, with the initiation of stratification brought about by decreased mixing 
depths as a result of reduced wind strengths and increased insolation. It is at this time that a bloom 
begins to form because phytoplankton numbers are not initially controlled by grazers since over-
wintering stocks of zooplankton in the region are low (Walsh et al., 1988b). The timing of the bloom 
commencement varies with distance from land and with latitude, appearing earlier in the year in 
coastal waters (Zeitzschel, 1986) and/ or at lower latitudes (e.g. Ducklow and Harris, 1993). The 
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average timing of phytoplankton bloom outbreak in Rockall Trough is 21st30th  April (Zeitzschel, 
1986) although this is subject to interannual variations (e.g. Pfannkuche, 1993; Newton et al., 1994). 
During the 1989 JGOFS North Atlantic Bloom Experiment, Joint et al. (1993) estimated that the 
spring bloom along a transect at 20°W began in mid-late April at 47°N, in early-mid May between 
520-56°N and in early June at 60°N. Primary production begins earlier at low latitudes because 
weather improvements begin earlier in the year, permitting earlier stratification. However, at these 
lower latitudes winter mixed depths are shallower, reducing the amounts of nutrients resupplied to 
surface waters during the winter months and hence limiting the potential for new production as the 
weather improves. Estimates of peak bloom production rates are of the order of 1-2 g C m 2day' 
(Joint et al., 1993; Savidge et al., 1995). 
The spring bloom consists primarily of diatoms (Colebrook, 1986; Zeitzschel, 1986), accounting for 
-50% of production and biomass during the 1989 immediate post-bloom period at 60°N 20°W (Joint 
et al., 1993). As the bloom develops and nutrients, in particular silica, become depleted, the 
phytoplankton assemblage alters from one dominated by large cells greater than 5i.tm  to one where 
small (1-5 p.m) nanoplankton, typically coccolithophorids, small diatoms, and dinoflagellates 
(Colebrook, 1986; Savidge et al., 1995), are most numerous (Joint et al., 1993). However, the bloom 
species distribution too is subject to interannual variation (Savidge et al., 1994). In this post-bloom 
period production is lower, with phytoplankton growth being supported by regenerated nutrients in a 
tightly grazer-controlled system. This succession has large implications for the export of OM to deep 
waters as the slower sinking rates of smaller particles mean they do not contribute significantly to the 
annual flux of material out of the euphotic zone (Boyd and Newton, 1995). 
The summer succession to a system supported by regenerated nutrients continues until worsening 
weather conditions disrupt stratification. A fall in the temperature of the surface waters due to 
convection and wind-stirring late in the summer (typically late August; e.g. Honjo and Manganini, 
1993), increases the depth of the mixed layer, entraining "new" nutrients into surface waters. These 
additional nutrients then support a second smaller bloom of phytoplankton that often leads to an OM 
deposition event on the seabed (Newton et al., 1994). This 'autumn bloom' continues until the 
weather conditions deteriorate such that the mixed layer depth becomes greater than the depth of the 
euphotic zone and phytoplankton can no longer remain in lighted waters. The growing season lasts 
4.5 months in the Rockall Trough (Walsh, 1983). 
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2.3. Site Selection and Expected Conditions 
Three sites in the northeast Atlantic were selected for study in the BENBO programme (Figure 2.1). 
A central criterion for selection was that the sites should display contrasting water-column conditions 
such that comparison of sites would provide insights into the influence of various parameters on 
processes occurring in the BBL of the deep northeast Atlantic. The three sites covered a range of 
water depths, and were expected to be subject to different levels of primary production and particle 
flux, and to be influenced by different bottom-water flow regimes (Table 2.1). 
Table 2.1 Site positions and expected site contrasts. 
Site Description Longitude Latitude Depth Expected Productivity 
(m) current regime 
A Mouth of 52.9 18°N 16.9 17°W 3580 Quiescent Low 
Rockall 
Trough 
B Hatton- 57.425°N 15.683°W 1100 Intermediate Higher 
Rockall Basin 
C Flank of Fern 57.1000N 12.5 15°W 1920 Active Higher 
Drift 
Sites B and C, at 1100 m and 1920 m respectively, were expected to have similarly high primary 
productivity but display contrasting benthic environments. Site C on the flank of Feni Drift was 
thought to be affected by strong currents and would therefore be subject to greater resuspension and 
reduced accumulation of OM compared to the more passive Site B in the Hatton-Rockall Basin. Site 
A, at the mouth of the Rockall Trough, and the deepest of the sites (3580 m), was expected to be 
characterised by low primary productivity in the overlying surface water and low current speeds above 
the benthic interface (Black, 1999). In contrast to the other two sites, Site A was assumed to be more 
typical of oligotrophic deep-sea sites with a slower sedimentation rate as a result of the low surface 
productivity. 
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2.4. Research Strategy 
Samples were collected on two four-week research cruises beginning at the end of April and at the end 
of June 1998. Sampling was, therefore, expected to bracket the seasonal peak export event associated 
with the northeast Atlantic spring bloom in late April! early May (Rice et al., 1994). The sites were 
visited twice because, at this latitude of high seasonality in upper water column, processes within the 
BBL are also likely to display significant seasonal variation. A variety of sampling methods were 
employed to provide a comprehensive and high resolution characterisation of samples spanning the 
BBL. The original sampling strategy is described here along with details of intended analyses and is 
summarised in Figure 2.2. A similar sampling strategy was envisaged for both cruises, but 
modifications were made prior to the second cruise on the basis of information gained on the first. 
Full sampling methodology is described in Chapter 3. 
2.4.1. Sampling 
A variety of sample types were gathered spanning the BBL to enable OM transformations across this 
region of steep gradients to be studied. Sediment trap deployments were made in order to collect 
sinking material, representing what was expected to be the dominant particulate supply route into the 
BBL and, consequently, to the sediments beneath. Sediment cores were collected to examine 
processes occurring as CM passes from the BBL into the sediments and potentially into the 
sedimentary record. Attempts were also made to collect material suspended within the BBL to 
provide insights into cycling processes within this zone (resuspension, ingestion, degradation) by 
comparing composition of this material to that of sinking particles and underlying sediment. The 
results from these studies were then compared to indicators of macrobenthic activity, including x-
radiographs of box core slices, and to in situ measurements of OM decay. In situ measurements of 02 
concentration profiles were also used to calculate sediment oxygen exposure times, allowing one of 
the central hypotheses, that oxygen exposure times is a determinant for the degree of OM preservation 
in the deep sea, to be tested. An outline is also given of where research from other BENBO 
collaborators has been used to improve understanding of processes occurring at these sites. 
Sediment Cores 
Sediment cores (see Chapter 3 for details) were collected to allow downcore changes in sediment 
characteristics to be determined. The corer used in this study has the advantage that it can collect 
material with very little disturbance of the sediment-water interface. Cored sediments were used for 
bulk sediment analyses and to size-fractionate sediments. The purpose of fractionating sediments into 
two size classes (cut off 20.tm) was to enable comparisons of the OM content and composition of 
different portions of the sediment to be made. Sediments within these two size-fractions represent 
different surface area ranges with different potential for OM-mineral interaction and resuspension and, 
also, different potential for ingestion by benthic fauna as a result of size-selective feeding mechanisms 
(e.g. Self and Jumars, 1986; Etter and Grassle, 1992). Density separations were also carried out on 
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selected sediment horizons to establish whether, as expected, sedimentary OM was primarily 
associated with mineral surfaces. Further cores were collected for porewater analyses and desorption 
experiments. 
Porewaters 
Porewaters were collected for analysis of DOC at the University of Wales, Bangor, in order to assess 
OM dissolution/decomposition and possible fluxes from the sediments. Comparison of porewater 
DOC with sedimentary OC would also reveal the natural apparent partitioning of bulk OC between 
these two phases in the sedimentary environment. Nutrient analyses were also conducted in Bangor to 
assess the rate of OM breakdown brought about by the utilisation of a sequence of oxidants. These 
analyses included nitrate and nitrite, plus ammonia, which appear in sediment porewaters when 
sediments become anaerobic, i.e. once their capacity for nitrate reduction has been exhausted, 
indicating the transition to OC remineralisation via sulphate reduction. Parallel porewater samples 
were also collected for analysis (at Dunstaffnage Marine Laboratory) of dissolved Fe 2+ and Mn2 ions 
that reflect the rate of OM oxidation via the respective higher 3+ and 4+ oxidation-states of these 
metal ions. These oxidant analyses together allowed estimates of overall OC mineralisation rates to 
be made. 
Desorbable Sedimentary Material 
Studies were also made on selected surface sedimentary horizons, of the amount of OM that could be 
desorbed from sediment grains by exposing bulk sedimentary material repeatedly to a high-liquid 
environment. This removable OM is likely to be in some kind of equilibrium between the solid and 
liquid phase in the sediment environment, and through comparison of identifiable biochemicals in the 
solid phase before and after desorption, it was hoped to gain insights into this natural partitioning 
process. The degree to which sorbed OM can transfer to the dissolved phase is likely to have 
implications for the availability of sedimentary OM to bacteria. It may also reflect the potential for 
OM to be exchangeably removed from sediments through exposure to high liquid environments 
during resuspension events. 
Particulates in the Water Column 
Particles within the water column are operationally grouped into those that sink and those that are 
suspended within the water column. Suspended particles are distinguished operationally from sinking 
particles as material with a sinking rate of less 1 m per day, compared with sinking particles which can 
fall at rates of 100's to 1000's m per day (Wakeham and Lee, 1993). They are more numerous than 
sinking particles but their slow sinking rate means that they are not the dominant transport mechanism 
for material to depth. Studies have shown that these particle groups are subject to different processes. 
The elevated time that suspended particles spend in the water column increases their exposure to oxic 
degradation. In contrast to larger particles, they are also more likely to be resuspended when they 
reach the sediment-water interface. Therefore, comparison of the differences in the quality and 
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quantity of OM associated with mineral surfaces within each of these particle groups should provide 
insights into how OM is associated with mineral surfaces and how this changes with exposure to 
enhanced degradation and increasing oxygen exposure time. 
Sinking Particles 
It was proposed to deploy sediment traps to sample sinking particles (generally >20 gm; Wakeham 
and Lee, 1993) for a whole year to asses flux seasonality and to allow annual average flux data to be 
obtained. The intention was to remove any seasonal bias, allowing comparisons to be made with 
annual sediment accumulation rates and burial efficiencies to be calculated. The first deployment was 
made in August 1997 during the preliminary survey cruise. On the basis of past evidence (the 
presence of the Fern Drift, see Section 2.2) traps were only deployed at Sites A and B, as it was 
thought that the water-column currents at Site C would be too great, resulting in inefficient sampling. 
Two traps were deployed at each of the suitable sites, one at mid-depth (1000 metres above bottom at 
Site A and 300 metres above bottom at Site B) above the BBL and a second within or just above the 
BBL at 100 metres above bottom for both sites. Each trap carried a series of sequentially closing 
sampling cups, providing high-resolution sampling that allowed seasonal flux determinations to be 
made. The first set of samples was collected successfully during cruise CD! 11, but the second set of 
moorings, that collected samples for the second half of the year, were lost. It has therefore not been 
possible to determine the degree of seasonality in the annual flux of material to the BBL and seafloor 
at the BENBO sites. It has been possible, however, to look at variations in particle type and 
composition over part of the annual cycle autumn/ winter/ early spring. The intention was then to 
compare the constituents of sinking and suspended particles. Sinking particles comprise of large algal 
cells, faecal pellets, zooplankton carcasses and molts, and amorphous aggregates known as "marine 
snow", whereas suspended particles include bacteria, small algal cells, clay minerals and detrital 
fragments of large particles (Wakeham and Lee, 1993). Compositional differences may be diagnostic 
of the processes that convert sinking and suspended particles into sediments. 
Suspended Particles 
Sediment traps inefficiently sample suspended particles (<20p.m) so in situ filtration systems or large-
volume water collection must be used. An array of six SAPSs (Stand-Alone Pumping System) was 
deployed at each site, with the SAPs positioned in pairs through the water column, one near-bottom, 
one near the top of the BBL and one at the depth of the upper sediment trap. At each depth one pump 
contained a filter for collecting material for trace-metal analysis and a second contained a filter 
suitable for collecting material for organic analyses. A pre-filter (mesh-size 10 gm) was also used 
with each pump to prevent clogging of the main filter and to size-fractionate the incoming material, 
separating it into discrete groups that could then be used to compare OM loadings. Unfortunately, the 
SAPs deployments were unsuccessful, as was filtering large volumes of bottom water (see Chapter 3 
for details), in that insufficient amounts of material were obtained for analysis. This has meant that it 
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Figure 2.2 Flowchart showing samples collected/ attempted, sample processing methods and sample analyses at BENBO sites during 
CD111 & CD113. (A full explanation of sampling strategy is given in the text along with details of analyses chosen). 
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However, a surficial "fluff' layer encountered at site C (see Section 2.4) provided a comparison 
between recently deposited material within the BBL, sinking particulates collected above, and 
sediments lying below. 
Box cores 
Box cores (see Chapter 3 for details) were also used to collect sediments at each site before and after 
the bloom in order to examine the extent of burrowing and the degree to which it varies seasonally. A 
vertical section of an excavated box core was X-radiographed to examine any sediment structure, such 
as laminations, and current or relict burrows. These were then compared to concentration profiles of 
porewater constituents, labile biochemicals and radionuclides to study effects of algal blooms on 
benthic response and OM cycling and burial. Variations in the extent of bioturbation before and after 
the bloom, were compared with sedimentary OM profiles, including those of labile compounds, to 
investigate how seasonal inputs might translate into buried OM. In particular, these comparisons 
addressed the hypothesis that macrobenthic activity can lead to rapid burial and possible preservation 
of labile organic compounds. 
Also, during box core excavations carried out by Dr. David Hughes (Dunstaffnage Marine 
Laboratory), a number of burrow structures containing faecal pellets and a green substance, were 
encountered. These were sampled for biochemical analysis along with adjacent sediments, to further 
aid investigations into the hypothesis that the burrowing activity of benthic organisms may lead to the 
atypical burial of OM. 
In situ Measurements 
During the BENBO programme, a newly acquired benthic lander (a remotely-deployed seafloor 
research platform) was used to measure fluxes of both organic and inorganic solutes in and out of the 
sediments, and porewater profiles via electrodes (Figure 2.3). This in situ method of sampling and 
data collection was undertaken to provide time-series respiration data and depth-profiles of dissolved 
oxygen concentration in the sediments. Two modes of sampling were used. 
Microelectrode Profiling. The benthic lander supports a micro-profiling mode that allows the 
vertical distribution of oxygen in the sediments and the sedimentary diffusive oxygen uptake and 
respiration to be measured. Up to six electrodes (4 oxygen and 2 pH) can be mounted on the BENBO 
micro-profiling module (Figure 2.3) which is then lowered slowly into the sediments to minimise 
disturbance. A sensor measures the position of the electrode relative to the sediment-water interface 
with a precision of 25 larn (BENBO web site, 2001) allowing precise determination of sedimentary 
oxygen profiles to a maximum depth of 8 cm (the length of the Clark-type electrodes used). The 
lander was deployed in this mode at the three BENBO sites during both cruises in order to examine 
temporal and seasonal variations in oxygen penetration. The sedimentary oxygen penetration depths 
so yielded could then be used, along with sediment accumulation rate data provided by BENBO 
collaborators at the University of Southampton and the Scottish Universities Reactor Research Centre, 
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to estimate sediment oxygen exposure time. These exposure time estimates were required to evaluate 
one of the central hypotheses to be tested in this research: that oxygen exposure time plays a critical 
role in determining the burial efficiency OC in deep sea sediments. 
Acoustic ballast release 
Satellite beacon 
Figure 2.3 Photograph shows benthic lander in "profiling" mode. The insert shows in detail the 
oxygen microelectrodes that were used to obtain sediment dissolved oxygen concentration 
profiles. (Photographs courtesy of Dr. Kevin Black). 
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Figure 2.4 A) The chamber mode module used with the benthic lander during the BENBO 
programme with B) the water sampling apparatus. (Photographs courtesy of Dr. Kevin Black.) 
Respiration Chamber. The BENBO lander was also deployed in chamber mode. In this set-up a 
unit consisting of a 30 x 30 cm teflon-lined, open-ended, titanium box replaces the electrode profiling 
mode in the lander's frame (Figure 2.4, A). The box, which has rounded corners to minimise 
disturbance and improve flow uniforminty within, sinks into the surface sediments when deployed. A 
closed system is formed of sediments and overlying water by triggering the lid shut. Mounted within 
the lid is a stirrer that permits homogenisation of water overlying enclosed sediment. Electrodes are 
also mounted in the lid to monitor pH and dissolved oxygen within the chamber for comparison with 
probe measurements in the surrounding bottom water. Differences between these values indicate 02 
consumption within the enclosed water and sediment. Upon withdrawal of the lander from the 
sediments, triggered by the dumping of weights by acoustic release, a shovel swings under the box, 
retaining the sediment for shipboard sampling. 
In chamber mode, the lander also has the ability to collect samples of water enclosed within the 
chamber in time-series. Up to fifteen 60 cm 3 syringes can be set to inject or withdraw samples with a 
bi-directional valve (Figure 2.4,B). During the BENBO programme a Br - solution was injected into 
the chamber, allowing the volume of enclosed bottom water to be calculated based on conservative Br -
' behaviour. Water samples were then collected for analysis of DIC, DOC, N0 3 2 , NO2 , NH, P043 
and S2 with the intention of deriving benthic fluxes and estimates of total carbon respiration rates. 
This work was part of the research to be conducted by Dr. Hilary Kennedy at the University of Wales, 
Bangor. Unfortunately, because respiration rates were very low and because deployment difficulties 
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Table 2.2 Summary of envisaged sampling for the three BENBO sites during the two research 
cruises and the degree of success in obtaining these samples. 
Site 	Sediments 	Sediment Traps 	Particulates 	 Lander 
A 	Yes 	Yes, partially 	No 	
Yes, oxygen profiles only 
-during CD 111 and CD 113 
B 	Yes 	Yes, partially 	No 	Yes, oxygen profiles only 
-during CD 113 only. 
C 	Yes 	 N/A 	 No 	 No 
meant that large volumes of bottom water were enclosed within the benthic chamber (rendering 
changes undetectable), it was not possible to obtain estimates for bulk sediment respiration rates. 
Other Planned Sampling 
The research conducted by a number of other investigators within the BENBO programme has 
provided useful information for this thesis. In addition to those mentioned previously, trace metal 
analyses carried out on sediment horizons (solids and porewaters) at Dunstaffnage Marine Laboratory 
have provided an indication of the redox conditions within the sediments. These analyses, before and 
after the bloom, were compared with sedimentary 210Pb profiles indicating the sediment mixed-layer 
depth, and with X-radiographs, to establish the benthic response to seasonal deposition events. 
Additionally, studies conducted by Dr. John Gage and Dr. David Hughes at Dunstaffuage Marine 
Laboratory on box core material have enumerated changes in the numbers and diversity of macro-
benthic organisms in response to the seasonal deposition event. A summary of the successful 
sampling is given in Table 2.2. The sampling failures have lead to a greater focus on sedimentary 
parameters as a means of elucidating controls on OM burial than was initially intended. This has 
included the use of multivariate analyses to elucidate some of the factors controlling the biochemical 
composition of buried OM and the expansion of the sample set to include burrow contents and 
adjacent sediment. 
2.4.2. Analyses 
Analyses have been carried out on a bulk chemical basis (total carbon and nitrogen, OC, carbon and 
nitrogen isotopes) and for a suite of biochemicals (amino acids, amino sugars, carbohydrates, lignin) 
of differing origin and reactivity and thus indicative of source, degradation state and sorptive 
processes. These parameters have been related to mineralogy, grain-size distribution and mineral 
surface area to investigate the importance of organic-mineral interactions in the burial of OM. 
Analyses were conducted on bulk sediment, and on sediment size and density fractions, sediment trap 
material, fluff, and on the contents of burrows. 
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The bulk analyses carried out on sediments and sediment trap materials have provided information on 
the bulk element cycling, and OM inputs, concentrations and preservation status of OM at the 
BENBO sites. Bulk analyses however, offer only limited, ambiguous source information and little or 
no information on the quality of OM or controls on OM preservation. 
The biochemicals analysed for in this study were selected because they represent a range of sources, 
labilities and functionalities, and have the ability to reveal detailed cycling information, such as on 
sorptive processes. Additionally, these biochemicals together make up the majority of characterisable 
OM in marine sediments; 10-15 % amino acids, 5-10% carbohydrate and 3-5% lignin (Cowie and 
Hedges, 1992a). Lignin is an indicator of terrestrially-derived organic matter that can be used 
together with carbon isotope data to quantitatively evaluate the allocthonous inputs of OM to a region. 
Lignin phenols are comparatively refractory. Amino acids, derived from protein, are ubiquitous and 
among the most labile components of OM. They also display characteristic degradation patterns (e.g. 
Lee and Cronin, 1984; Ittekot et al., 19842a,b; Cowie and Hedges, 1992a; Keil, 1999) that can be used 
to assess the degree of diagenetic alteration of OM (e.g. Cowie and Hedges, 1994; Dauwe and 
Middleburg, 1998; Dauwe et al., 1999a). Amino acid analyses were also considered to be particularly 
important to this study because of their documented differing adsorption affinities for particular 
mineral surfaces (e.g. Carter, 1978; Hedges and Hare, 1987) and thus, provide a powerful means of 
investigating sorptive processes. Carbohydrates, like amino acids, are relatively ubiquitous and will 
therefore provide little source information (Cowie and Hedges, 1984a). However, these are also 
comparatively reactive components of OM (although generally less so than amino acids) and are of 
use when applied with other biochemicals to assess degradation state (e.g. Cowie and Hedges, 1994). 
At the time that this research was begun, biochemical contents of sediments had never been compared 
to mineral surface area measurements and, to date, OC: SA analyses of particulate material within the 
water column have not yet been published. This study was therefore, expected to fill a gap in our 
knowledge of how OC: SA ratios relate to identifiable biochemical concentrations and thus, OM 
degradation state, and determine the importance of water column and BBL processes in determining 
these OC: SA ratios. The normalisation of sediment biochemical content with SA has enabled 
investigations into the degree to which sediment surface area (and by correlation, adsorption) is 
critical to both the quantity and quality of OM preserved in marine sediments. Analyses of these 
parameters in different sediment size classes were carried out to elucidate details of organic-mineral 
interactions that would be lost in the analysis of bulk sediments alone e.g. the influence of 
resuspension, mineralogy (clay versus other mineral types), and different diagenetic and transport 
pathways associated particles of different sizes. Clay particles, in particular, have been shown to be 
distinct from coarser grains in terms of their OM composition (Keil et al., 1994b; Keil et al., 1997). 
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Table 2.3 Average bottom water properties for the three BENBO sites. (Data from BENBO CD-
ROM). 
Site A B C 
Water Depth (m) 3580 1100 1920 
Temperature (°C) 2.7 6.0 3.0 
Oxygen Concentration (j.iM) 264-270 234-243 NA 
Salinity 34.85 35.05 34.85 
2.4.3. Site Measurements 
Bottom Water Properties 
The bottom water properties of the three BENBO sampling sites, including exact water depths, are 
given in Table 2.3. The similarities between the properties at sites A and C suggest that the bottom 
water at both sites is from the same water mass, AABW (see Section 2.2). This is in accordance with 
the pattern of circulation in the region. However, the bottom water at site B is wanner and has a 
higher salinity. These properties and the shallower depth of this site, suggest that the bottom water in 
this region is of a different origin, either ENAW or MNAW. 
The bottom waters at all three sites are thought to be fully oxic although measurements were only 
made at sites A and B, implying that a constant diffusive supply of oxygen is available to the 
sediments. 
Currents 
Along with sediment traps, the BENBO mooring arrays at sites A and B included current meters. 
These were positioned at similar depths to the traps to measure current speed and direction both well 
above, and just above or within, the BBL. Although no sediment traps were deployed at site C, a 
mooring of current meters was deployed measuring current speeds and direction at comparable depths 
to deployed traps at sites A and B. A summary of BENBO current meter deployments is given in 
Table 2.4, including the period of deployment. 
Site C as expected, is subject to the highest current speeds but the measured values are not 
substantially greater than those measured at site A, which experienced surprisingly high current 
speeds for what was expected to be a deep quiescent site. The highest mean current speeds were 
measured nearest the seabed at site C, which contrasted with the measurements made at sites A and B 
where the mid-water current speeds were highest. 
Although the mean current speeds did not vary dramatically between site deployment depths, there 
were large differences in the prevailing current directions suggesting that advective processes are 
likely to influence delivery of material to the seafloor. The current directions indicated by the lower 
current meters are broadly in agreement with published bottom-water circulation patterns for the 
region (see Figure 2.1). 
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Figure 2.5 Moored current meter data collected during theBENBO programme. Plots A-D 
show data collected by "upper" and "lower" current meters positioned in the water column 
depths corresponding to sediment trap sampling depths, at sites A & B respectively. Plots E & 
Fshow current data collectd at site Cat comparable depths. Measurements were recorded 
from Au gust 1997- May 18 at sites A & B from August 1998- June 1999 at the shIIower 
depth at site C, and from May 1998- June 1999 near the bootom atte C. The precise 
measurement depths were as follo: Am) site A, 992 metres above bottom (nab); A2) site A, 51 
mab; Bi) siteB,286 mab;Be) site B,49 mab; Ci) site C, 302 mab; C2) site C, 51 mab. 
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Table 2.4 Summary of current meter deployment information. (Note that no current meter data 
was obtained at sites A and B for the period after May 1998 because the moorings were lost and 
that data for the bottom trap at site C prior to April 1998 is missing because of a fault with the 
meter deployed). 
Site A B C 
Trap depth (mab) 50 992 49 286 51 302 
Date measurements started Aug'97 Aug'97 Aug'97 Aug'97 Apr'98 Aug'97 
Date measurements finished May'98 May'98 May'98 May'98 Jun'99 Jun'99 
Mean current speed (cm s 1 ) 7.8 8.0 5.5 6.1 12.0 10.0 
Mean current direction N ESE E WNW WSW SSW 
Maximum current speed (cm s') —30 —30 —30 1 	—25 —45 —40 
Analyses of the details of the time-series current data (Figure 2.5) indicate that the currents measured 
at all sites show tidal components. A number of current events, likely in part to be due to storm 
episodes, are also evident. Clear storm events are visible near the sea floor at site A during early 
October, mid-January and late March and corresponding peaks in current velocity can also be seen, 
although less clearly, at the upper depth. At site B, and particularly at site C, however, the currents 
seem to display peaks of activity more regularly. A "storm" event however, does seem to have 
increased current speeds to almost 30 cms' at both depths at site B just prior to cruise CD! 11, which 
may have had implications for the depth of the BBL and its particle load during cruise CD1 11 (see 
discussion below). Unfortunately, no current meter values were obtained prior to collection of the 
CD 113 BBL data for comparison. 
At all three BENBO sites, near-bottom current velocities appear to have regularly exceeded the 
threshold current speed of ca. 7 cm s ' for the resuspension of phytodetrital material suggested by 
Lampitt (1985) and Rice et al. (1994). Resuspension, particularly of phytodetrital material may 
therefore, play a significant role in the cycling of material in this region. 
Benthic Boundary Layer 
Measurements of beam attenuation, the proportion of a light scattered from a beam of known 
intensity, have been used to provide an estimate of particle concentration. Depth profiles of this 
parameter were measured during conductivity-temperature-depth probe (CTD) casts on both cruises at 
each site and calibrated as part of the BENBO generic data set. The information presented here is the 
raw particulate beam attenuation and although it has not been converted to give actual particulate 
concentration, it can be used, with caution, to give a representation of relative particle concentrations 
(e.g. Gardner et al., 1985). In the deep sea in particular, beam attenuation has been found to correlate 
well with filtered particle concentrations (Gardner et al., 1993). 
The Benthic Boundary Layer (BBL), as indicated by CTD/ transmissometer data showing a 
homogeneous layer of bottom water with a high particulate concentration, is clearly visible at site B 
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during both CD  11 and CD1 13. The profiles typical of light scattering due to particulates in the 
bottom water during these cruises suggests that the BBL covered a depth of approximately 20 in 
(CD1 11: BBL 16 m, CD1 13: BBL = 20 m) at this site (Figure 2.6). The BBL, because of its 
homogeneous properties, is suggested to contain particles of local source that have been resuspended 
by the frictional influence of the seafloor, with stronger bottom currents increasing the amount of 
bottom-induced vertical turbulent mixing (Gardner et al., 1993). The relative constancy of the BBL 
depth during cruises CD! 11 and CD 113 at site B suggests that bottom-water current velocities were 
relatively constant during the period spanning this sampling, and/or that the settling velocities of the 
resuspended material are such that the particles remain in suspension during the period spanning the 
two cruises. The absolute variation in scattering between the two cruises (i.e. maximum BBL 
scattering = 0.3 m' during CD! 11 compared with z 0.23 m' during CD1 13; Figure 2.6) suggests that 
the intrinsic properties of the particles within the BBL vary between the two cruises. It is known that 
the amount of light scatter for any given particle is a function of its size, its index of refraction and its 
shape (Gardner et al., 1993). However, it is particle concentration and size that have the greatest 
effect on beam attenuation values. The current meter data at 50 in above bottom at site B does not 
cover cruise CD1 13 (Figure 2.5), but at the time that measurements ceased in May'98 the site was 
undergoing a period of enhanced current activity. It is possible that the BBL profiles are due to the 
same elevated current event with diffusion processes causing the top of the BBL to rise slightly. The 
settling out of larger particles may have led to the reduction in light scatter seen between CD 111 and 
CD 113. 
The light scatter due to particles in the region above the BBL also shows that a clear benthic nepheloid 
layer (BNL), a region of enhanced particle concentration compared to the mid-depth clear-water 
minimum (see Chapter 1; Figure 1.4), is present at site B, of 60-70 in depth during CD 111 and 50-60 
in during CD 113. As well as being shallower during CD 113, the BNL also seems to contain fewer 
particles, suggesting that the currents indeed declined from the high values observed just prior to 
CD 111. In contrast to the BBL, the BNL is suggested to largely contain particles that have been 
advected to this site because the current speeds required to generate elevated particle concentrations at 
such distance from the seafloor would be unfeasibly high (Gardner et al., 1985). 
In contrast to site B, site A beam attenuation profiles do not clearly indicate the presence of a BBL. It 
is possible, and perhaps likely given the mean current speeds measured at this site, that a BBL did 
exist but extended less than 10m above the seafloor. One possible explanation for a reduced BBL at 
this site could be increased sediment particle size, and consequently, reduced sediment resuspension 
(see Chapter 4). There is perhaps the suggestion of a BNL at approximately 60 in above bottom at 
site A during CD 111 but this is not clear because of noise within the attenuation measurements. The 
absolute attenuation measurements, however, are remarkably constant during the two cruises at this 
site.Site C attenuation profiles, like those at site B, provide clear evidence for the presence of a BBL 
and a BNL at this site. During CD! 11 the BBL clearly displays a zone of high particle concentration 
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Figure 2.6 Logarithmic plots of transmissometer data representative of the the three BENBO sites showing light scattering due to 
particulates during cruises CDI1I (plot A) and CD1I3 (plot B). The suggested position of the top of the benthic boundary layer 
(BBL) and benthic nepheloid layer (BNL) have been included where appropriate (see text for definitions). 
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depth of almost 110 m above this. The elevated particle concentration and greater BBL and BNL 
depths relative to sites A and B concurs with the higher mean current speeds measured at site C (see 
above). The beam attenuation profiles obtained at site C during CD 113 do not follow simply the 
idealised pattern and definitions of what constitutes a BBL or BNL (see Figure 1.4). There do, 
however, seem to be three clear 'zones' in the profile; a lower zone, arguably the BBL although not 
homogenous, which has the highest particle concentration, a middle zone, likely the BNL, of 
declining particle concentration, and an upper zone where there is a peak in beam attenuation, and 
implicitly in particle concentration. This upper 'peak' at approximately 100 m above bottom is 
perhaps evidence for the advection of two different water masses of different particle concentrations at 
this site. Comparisons of pre- and post-bloom mid-water particle concentrations at this site suggest 
that particle delivery to the seafloor was perhaps beginning at site C during CD! 11 and was largely 
over by the time the site was revisited. The elevated near-bottom particle concentrations at site C 
during CD 113 appear to support this. Additional support might be given to this suggestion by a 
similar pattern of inter-cruise variation seen at site B. 
In summary, the presence of clear BBL's at sites B and C suggest that material deposited at these two 
sites is subject to resuspension. Therefore, finer material deposited at these sites may be subject to 
greater periods at the sediment-water interface where oxygen exposure and bacterial concentrations 
and activity are highest. The presence of a BNL at these two sites, particularly at site C, suggests that 
these sites may also receive fine material that has been subject to numerous resuspension/ deposition 
cycles, advected in from other areas. 
Bloom Timing 
Measurements of beam attenuation have also been used to provide estimates of primary productivity. 
Again, only raw particulate beam attenuation is presented. As in the deep sea, beam attenuation in 
surface waters has also been found to correlate well with filtered particle concentrations, although the 
relationship between these properties often differs between surface and deep waters (Gardner et al., 
1993). Again it should be remembered that interpretation is based on uncalibrated beam attenuation 
measurements and should, therefore, be treated with caution because as it will include variations in 
scattering due to different particle types as well as variations in particle concentrations. The mixed 
layer depths were defined for the purpose of this study as the part of the profile where the steepest 
gradient in particle concentration was observed. It was felt that this would provide the best estimate 
of the depth to which stirring by the wind could be said to be acting towards the homogenisation of 
surface waters. 
At the end of August 1997 at site A, the mixed layer was well developed (depth 55 m), as indicated 
by uniform beam attenuation properties, and had an enhanced particle concentration compared to the 
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Figure 2.7 Plots of light scattering in surface waters due to particulates at the the BENBO sites during Cruise Cd 107 (plot A), CDII 1 (plot B), 
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Figure 2.8 Sea Wifs satellite images of the BENBO study area showing surface chlorophyll 
distributions (red = high biomass, blue = low biomass). Two images were taken during CD1II: 
image a) on 30/4/98 and image b) on 9/5/98, and two images were taken during CDI13: image c) 
on 12/7/98 and image d) on 17/7/98. Black areas outlined in white are land and black areas with 
no outline are regions of cloud cover. 
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(- 60 m) and appeared to contain fewer particles. It may have been that the mixed layer depth was too 
great at this time for phytoplankton to remain in the lighted surface waters. The water below the 
mixed layer at site B also contained fewer particles than at site A. No measurements were made at 
site C at this time. 
By May 1998 the particle concentrations in the surface waters of both sites A and B had increased 
(Figure 2.7,B). The mixed layer depth at site A was approximately the same as in August 1997 
although, at this time the mixed layer did not seem to be fully stratified (i.e. it does not have uniform 
properties). The mixed layer had decreased to -30 m at site B and contained much greater particle 
concentrations although, like site A, it did not appear fully mixed. The mixed layer depth at site C 
was also about 40 m deep and not homogeneous. Particle concentration appeared to be higher at site 
B than at site A and at site C. However, based on particle concentration profiles, all three sites 
appeared to be experiencing a spring bloom. This is supported by SeaWifs satellite images of surface 
water chlorophyll distributions in the region (Figure 2.8) which show particularly high chlorophyll 
concentrations, and hence biomass, in the region of the Rockall Bank (sites B and C) during this 
period. The chlorophyll distribution in the region of site A at the end of April appears to have been 
very low, but did increase by the time the second image was taken on May 9th 
In the water below the mixed layer the concentration of particles was highest at site C suggesting that 
particles were possibly being exported to depth at this site. The particle concentrations in the deeper 
water at sites A and B were very similar, and seemed to increase compared with the situation in the 
previous August. Particle export to depth may also have been taking place at these sites. 
By the time the three sites were visited again in July the bloom seems to have ceased at site B and at 
site C but dramatically increased at site A (Figure 2.7,C). The increase in beam attenuation may have 
been due to an increase in particle concentration and/ or an increase in particle-specific reflectance 
values. SeaWifs images taken during cruise CD 113 indicate that chlorophyll concentrations had 
increased in the region of site A since CD 111. The increasing chlorophyll concentrations and beam 
attenuation may, however, reflect an increased number of cells and/or a change in phytoplankton 
species distribution. The latter is the most likely scenario as sediment trap flux data (see below) 
suggest that the bloom was well under way at site A by the middle of April, 1998 (see Chapter 5). 
The low chlorophyll satellite images may, therefore, represent the immediate post spring bloom period 
before summer species succession is complete. 
The mixed layer depths at all three sites were the shallowest measured in summer during CD 113; 
around 30 m for sites B and C and around 40m for site A, suggesting that the succession to a summer 
species distribution reliant on regenerated nutrients, would likely have taken place. There also 
appeared to have been a decrease in the particles concentration of water below the mixed layer at all 
three sites implying perhaps that less material was being transferred to deep waters by this time. It 
should be noted however, that this material is likely to be suspended particulates (i.e. <20 gm) 
because beam attenuation is primarily due to the presence of particles <20 gm (Gardner et al., 1988). 
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In summary, beam attenuation profiles for the upper water column at BENBO sites suggest that 
particle export was taking place at sites B and C during CD 111, which would result in the deposition 
of relatively fresh material on the seafloor in the near future (Ca. 2-4 weeks for these water depths, 
Lampitt, 1985). Whether material was being exported from surface waters to site A sediments was, 
however, more questionable. By the time the three sites were revisited during CD1 13, the succession 
to summer species was probably underway suggesting that by this time, the export of material 
associated with the spring bloom had ceased. 
2.4.4. Sediments 
Site A. 
The surface sediment at site A was pale beige in colour and quite granular in texture, with individual 
foraminiferal tests visible. There was no discernible difference between the surfaces of the cores 
collected on cruise CD1 11 and on CD1 13. The sediments retained their pale beige, granular 
characteristics down to —15 cm in the core sectioned for sediment analysis on cruise CD 111. Below 
this pale foraminiferal ooze was a coarse, dry layer of sand and then grit —2 cm thick. Thereafter, the 
sediment became much finer and changed colour from pale beige to red-brown, which was interpreted 
to be a transition from Holocene sediments to glacial clays, which continued down to the base of the 
core (-30 cm; Figure 2.9). The transition to this finer material was encountered at a shallower depth 
of-13 cm in the core sectioned on CD1 13. This did not appear due to loss of material from the top of 
the CD 113 box core as the interface appeared intact and overlying water was clear. The variation in 
the depth of this transition to glacial clays suggests that there is heterogeneity in Holocene sediment 
deposition and/or sedimentary transport in the region of site A. As the site A cores were sectioned, 
glacial dropstones were encountered that varied in size from a few mm to several cm in diameter. The 
first of these were present at only a few cm depth below the sediment surface in sediments which, 
based on estimates of 14C sediment accumulation rates for this site (2.1 cm/ kyr; see Chapter 4), were 
of the order of 1000 years old. As ice-rafting of material associated with the end of the last glacial 
period would likely have occurred several thousand years previous to this time, the glacial dropstones 
appear to have been mixed upwards probably as a result of the bioturbative activity of larger benthic 
organisms. It is not possible, however, to infer the depth of bioturbative mixing from the glacial 
dropstone distribution as the upward mixing of these stones is likely to have resulted from more than 
one mixing event. Glacial dropstones continued to be observed throughout the cores. Evidence of 
burrowing activity was also found during core sectioning; indicated by a general mottling of darker 
material within the pale beige horizons (and vice-versa), thus "smearing" the transition between the 
two sediment types (see Figure 2.9), although no burrow structures were themselves observed. 
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Figure 2.9 Box core slice of sediment collected at Site A during cruise CD111 leg B that was later 
used for X-radiograph analyses. Slice shows the change in sediment types at -13 cm from top as 
indicated by a change in sediment colour. 
Burrow structures were observed, however, in box core slabs collected for X-radiography (see 
Chapter 6). Some paler material was present within the darker clay layers below, forming discrete 
patterns indicative of burrow in-fill, and some darker material had also been transferred upwards, 
forming streaks within the paler sediments above. The transition from Holocene pelagic ooze to 
glacial clays was, therefore, not distinct in site A sediments. 
Site B 
The sediment surface at site B was also pale beige in colour, although slightly lighter than the surface 
sediments of site A. The texture of the sediments was again granular containing visible foraminiferal 
tests, but site B sediments also contained large numbers of sponge spicules. The sediments at site B 
were much more consolidated than at site A, which may have been a result of additional cohesion 
caused by these fine silica rods sometimes more than a cm in length. This hypothesis is supported by 
the observation that the sponge spicules were often present in dense clumps 2-4 cm across (Figure 
2.10). In contrast to site A. there was a difference between the cores collected on cruises CD11 1 and 
CD1 13 at site B. A fine layer of phytodetritus a few mm thick was present on the surfaces of cores 
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collected at site B on cruise CD1 13, providing evidence for a recent deposition event at this site 
(Figure 2.11). This layer was too thin to discretely sample so the material was incorporated into the 
surface sediment horizon of the core sectioned on cruise CD 113. A further difference between sites A 
and B was the presence of a number of large burrow openings, 2-3 cm in diameter in the sediment 
surface, visible in sediments collected during both CD 111 and CD 113 (Figure 2.10). Burrow 
structures were also observed at depth in a core collected during CD1I3 (Figure 2.12) and in X-
radiographs (see Chapter 6), but no organisms were found in situ by the Edinburgh research group. 
The sediments at site B remained a pale beige colour down to a depth of 6-8 cm where the sediment 
changed to pale grey (Figure 2.11). Upon sectioning the core, it was found that unlike at site A, this 
colour change did not correspond to an observable change in the grain-size distribution of the 
sediment (i.e. predominantly fine-grained with median grain size —20-30 lzm; see Chapter 4). The 
colour change was therefore attributed to a change in redox conditions within the sediment. This 
supposition was borne out in the analyses of redox sensitive metals (see Chapter 4). At the interface 
where the colour change occurred, intermittent rust-coloured patches were also present. The cores 
retrieved at site B were short in length (17-23 cm) presumably because the stiffness of the sediment, 
perhaps related to the presence of sponge spicules, had prevented deeper penetration of the coring 
tubes. 
Figure 2.11 Photograph of box core (size: 30 x 30 cm) from site B collected on cruise CD111 leg 
B showing two large burrow openings and a dense mass of sponge spicules on the sediment 
surface. There is no evidence of phytodetrital inputs at site B at this time. 
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Figure 2.10 Photograph of Megacore (internal diameter 10 cm) from site B collected on cruise 
CD113 leg A covered with a fine layer of phytodetritus observable as a paler brown amorphous 
layer on the sediment surface. A burrow opening is also visible on the core surface as are the 




Figure 2.12 Photograph showing a large burrow structure present at lO-ciii depth in the deeper 
grey sediments of a Megacore (internal diameter: 10 cm) collected at site B during cruise 
C131 13. This burrow extended vertically through the core from a depth of 1 cm below the 
surface. NB: This core was not used for sedimentary analyses. 
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Site C. 
The sediment at site C was finer than that at sites A or B. It was also a darker brown colour, although 
foraminiferal tests were still visible. Site C showed the largest amount of seasonal change, with 
amorphous, brown phytodetritus (up to 8 cm deep) occurring on the tops of cores collected during 
CD 113 leg A(Figure 2.13). There was considerable variation in the amount of this "fluff' material 
collected with each core, even within single Megacore drops, although it was always present (Figure 
2.14). The fluff changed in character, becoming less abundant and more pelletised by the time the site 
was revisited 19 days later during CD 113 leg B (Figure 2.15). A similar transformation was observed 
in the north-east Atlantic by Rice et al. (1994). Site C sediments changed from a dark brown to a grey 
colour at 6-8 cm depth and, like at site B, there was no discernible change in sediment grain-size 
characteristics (i.e. predominantly fine-grained with median grain size -6-12 gm; see Chapter 4). As 
with site B, redox-sensitive metal profiles indicate the colour changes were redox-related (see Chapter 
4). Similarly, site C contained rust-coloured patches in the region of the colour transition. None of 
the cores sectioned for sediment chemical analyses contained open burrows although darker or lighter 
sediment patches in lighter or darker sediment, respectively, were observed. This seemed to indicate 
that burrows had been present but had since been refilled, and that there was active bioturbation at this 
site. A number of open and relict burrow structures were visible in sampled box core sediments and 
an X-radiograph of this material confirmed their presence (see Chapter 6). 
Figure 2.13 Photograph showing a Megacore retrieved from site C during CD113 leg A with —8 
cm of phytodetritus on the surface of the core. 
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Figure 2.14 Photographs showing cores retrieved from a single Megacore drop at site C during 
CD 113 leg A, the same drop as the one containing the core in Figure 2.13. 
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Figure 2.15 Photograph showing the pelletised form of phtodetritus present on the surface of 
sediments from site C during CDI 13 leg B. 
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2.4.5. Sediment Traps 
Site A Traps. 
A visual inspection of the material collected by sediment traps at site A provided information about 
phytoplankton blooms at this site during 1997/1998 even though the samples obtained did not cover a 
complete annual cycle. During the autumn of 1997 there was a period of higher flux when olive green 
material accumulated in the traps at both 1000 and 100 metres above bottom (mab). This olive green 
substance did have some rigid structure containing intact strands, although it was not possible to 
identify individual phytoplankton cells. Samples collected in the 100 mab trap appeared more 
amorphous than the material collected in the upper trap. There was also noticeably more material 
collected by the lower trap than the upper trap during late autumn (full data presented in Chapter 4). 
During the winter months, there was a discernible decrease in the material collected in both traps, and 
this became browner in colour and more indistinct in form, particularly in the lower trap. The flux of 
material then began to increase slightly again during March and April and, noticeably, it reverted back 
to an olive green colour. Unfortunately, this was only recorded in the upper trap due to a sampling 
failure at 100 mab. The traps at site A, therefore, suggest that an autumn bloom occurred in the 
region, which resulted in material accumulating in sediment traps 1000 mab in the middle of 
September 1997. Following this was a period of low flux before the apparent onset of the spring 
bloom that began delivering material to the upper site A trap during March. 
Site B Traps. 
Similar to site A, there was a period of higher flux during the autumn of 1997 when olive green 
material with some rigid structure that became more pale brown in colour progressing towards winter. 
There was less of a contrast between the material collected at each trap depth at this site and fluxes 
appeared to be comparable during autumn. During the winter months, there was a discernible 
decrease in the flux collected, particularly in the deeper trap. A small amount of pale green material 
was collected in the trap 300 mab during the winter whereas the material collected during the winter at 
100 mab consisted of a few lithogenic grains. In contrast to site A, there was no change in particle 
type or flux during March and April suggesting that unlike at site A, the spring bloom had not started 
by this time. Overall, the fluxes in winter and spring at site B were lower than at site A, apparently 
due to differences in the bloom timings between the two sites (see Chapter 5; Figure 5. 1). In 
summary, there also appeared to be an autumn bloom at site B followed by a sharp decrease in flux 
during the winter months. The delivery of material to the seafloor associated with a spring bloom had 
not begun by the time sampling ended at the end of April. 
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2.5. Summary of Revised Site Conditions 
It was necessary to revise some of the initial conceptions of conditions at BENBO sites in view of 
information obtained during the two research cruises. In particular, assumptions made about contrasts 
in current conditions needed to be amended. Site C was expected to be subject to the strongest bottom 
water currents, and this was indeed the case but the mean current speed measured here was not 
substantially larger than that measured near bottom at site A. Site A was expected to be the most 
quiescent, but current speed measurements demonstrated that this was not the case (Table 2.4). 
From the generic BENBO data set and sampling observations it has also been possible to draw further 
conclusions about the environment at these three sites. These are summarised in Table 2.5. 
Table 2.5 Summary of site revisions and additional information gleaned from generic BENBO 
data and sampling observations. 
Site 	Current 	 Bloom Timing 	Visible 	
BBL height 
during 1998 Phytodetritus? above 
bottom 
A 	Quite high, 	 April-May 	No 	—40 m 
few "storm" events. 
B 	Low, 	 May-June 	Yes 	—20 m 
some "storm" events. 
C 	Highest, 	 May-June 	Yes 	—15-25 m 




A large number of analytical techniques have been used to collect the data presented in this thesis. 
This section presents the details of sample collection, processing and analysis. Where standard 
techniques have been used only brief descriptions with appropriate references are given. Other 
analyses requiring significant method development and departure from published analytical 
techniques are described in more detail. The chapter is divided into subsections dealing first with 
methods of sample collection and, subsequently, with sample manipulation and analytical techniques 
employed. 
3.2. Sediment Sample Collection 
3.2.1. Sediment organic geochemistry 
Sediment cores were collected using a "Mega-Corer" (Bowers and Conelly; 10 cm core diameter) and 
taken directly to a constant temperature laboratory (equivalent to bottom water temperature: 2-5 °C) 
as soon as possible after their arrival on deck. Only cores with an apparently intact sediment surface 
interface and clear overlying water were accepted for sampling. Cores for organic geochemical 
analyses were sectioned into 5 mm horizons down to 2-3 cm, 1cm horizons down to 14-20 cm, and 2 
cm horizons to the base of the core (15-30 cm). The sediment around the edge of each slice was 
removed in order to minimise inter-horizon contamination prior to transferring each section into a 
polythene zip-lock bag for freezing at —20°C. On return to Edinburgh the material was stored frozen 
until it could be freeze-dried. Wet and dry weight measurements of each sample were taken to permit 
weight-normalised analyses to be corrected for salt content. The amount of salt contained in a given 
sediment horizon was calculated by determining the loss of water upon freeze-drying and then 
converting this water loss to a salt equivalent based on the known salinity of the bottom water at that 
site. Once the amount of salt was known for a given freeze-dried sediment horizon (salt and 
sediment) of known dry weight, it was then possible to calculate the percentage contribution salt made 
to a samples dry weight. When a mass- normalised analysis was conducted, the results of the analyses 
were then scaled-up such that they represented the yield per gram of sediment rather than per gram of 
freeze-dried sample (i.e. sediment with accompanying salt). The freeze-dried sediment was gently 
homogenised with a mortar and pestle and stored at room temperature in polythene bags prior to 
chemical analysis. 
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3.2.2. Core-top phytodetritus ("fluff') collection 
Sediment cores retrieved at site C on CD! 13 leg A were found to have approximately 3-8 cm of 
unconsolidated material (a "fluff' layer) lying on the core surface. This phytodetritus was sampled for 
analysis by carefully pipetting off this material into cleaned, fired (400 °C) scintillation vials after 
removal of overlying water. These vials were stored frozen prior to freeze-drying on return to the 
laboratory. Again wet and dry sample weights were taken for salt corrections and the freeze-dried 
material was homogenised prior to chemical analysis. The fluff material was then examined visually 
under plane-polarised light with a transmitted light Brunnell SP 110 scientific microscope. 
3.2.3. X-radiograph sample collection 
Vertical slabs of sediment were collected for X-radiograph analysis by inserting a plastic tray (33 x 
4.5 x 2.5 cm) into the side of the excavated vertical face of a box core (RVS box corer) and slicing 
carefully along the tray length with a piece of wire. The recovered slabs were heat-sealed in 
polythene bags and refrigerated until they were X-radiographed at Cambridge University by Dr. I. 
Hall and Prof ,N. McCave. 
3.2.4. Burrow sample geochemistry 
The contents of sediment burrows found during box core excavations carried out by Dr. David 
Hughes (Dunstaffhage Marine Laboratory) as part of an investigation into the macro- and megafauna 
at BENBO sites were collected along with adjacent sediment. This material was stored frozen in 
polythene zip-lock bags and frozen sub-samples were sent to Edinburgh for biochemical analysis. 
Upon arrival in Edinburgh, the samples were stored frozen in the glass vials in which they were 
received until they could be freeze-dried, gently homogenised with a mortar and pestle and then 
analysed. Burrow analyses were corrected for salt contents by determining the amount of Cl - in a 
known mass of freeze-dried sediment using a Dionex anion exchange HPLC fitted with a Microbore 
column. Two solvents were used as the mobile phase; solvent A: distilled water, solvent B: 100 MM 
NaOH. A flow rate of 0.38 ml/min was used with a solvent gradient of 95% solvent A at time zero 
decreasing to reach 90% solvent A at 8 minutes being used to separate negative ions. Quantification 
was achieved by constructing a calibration curve of the responses obtained for Cl - standards of known 
concentration. The proportion of salt was calculated by scaling up the chloride content to a sodium 
chloride mass equivalent that contributed to the mass of a weighed sediment sample (Appendix 1). 
3.2.5. Pore water geochemistry 
The cores used for pore-water analysis were retrieved as above and sectioned at 1 cm intervals down 
to 2 cm and at 2 cm intervals below. Porewaters were isolated by centrifugation in Teflon centrifuge 
tubes at 5000 rpm for 15 minutes. The extracted water was then filtered using glass syringes and 
MilliQ-pre-rinsed disposable Whatman 0.5 gm filter kits into pre-cleaned and combusted glass vials. 
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The vials were then sealed with Teflon-lined caps and stored frozen until DOC analyses could be 
conducted at the University of Wales, Bangor (for method details see Section 3.11). 
3.3. Desorption of Sedimentary Organic Matter 
As discussed in Section 2.4.1, desorption experiments were carried out on BENBO sediments to 
investigate the natural partitioning of OM in these sediments. Investigations into the proportion of 
sedimentary organic matter that could be desorbed from surficial sediments were carried out at sites A 
and B during cruise CD 113. The desorptions were carried out in the controlled temperature laboratory 
at ambient bottom-water temperatures to prevent possible temperature effects on natural dissolved/ 
particulate phase distributions. 
The top 5 mm of sediment from two Megacores was transferred to a 1 L beaker and mixed with 
overlying water to make a slurry. A portion of this slurry was used to carry out the desorption 
experiments detailed in this study. 
The desorption of sediment OM began by transferring between 25 and 35 ml of the slurry, which had 
been mixed using a magnetic stirrer, into four centrifuge tubes. These were then centrifuged for 20 
minutes at 5,000 rpm. The supernatant from these tubes was then decanted into a beaker, mixed and 
filtered before sampling to enable natural partition coefficients to be determined. The four tubes 
containing the solid phase were then agitated with 20-30 ml UV-irradiated seawater on a vortex mixer 
for 30 minutes in order to desorb as much of the adsorbed organic matter as possible. This mixture 
was centrifuged, and the supernatant decanted into a beaker. This process was repeated a total 5 times 
to exhaustively desorb any removable OM combining the supernatants after each centrifugation step. 
The combined supernatant was then filtered (combusted 47 mm, 0.7 pm GF/F) sampled into brown 
vials with Teflon-lined caps, and then frozen at —20 °C. Desorbed sediments were also retained for 
analysis in cleaned, fired scintillation vials with Teflon-lined caps, and stored frozen prior to analysis. 
On return to Edinburgh these solids were prepared for analysis as described above for sediment core 
samples. 
3.4. Sediment Trap Sample Handling 
Details of sediment trap deployments made at sites A and B are presented in Section 2.4. 
3.4.1. Collection 
The intention of the BENBO programme was to collect sediment trap samples of sinking particles 
(generally> 20 gm; Wakeham and Lee, 1993) over a period spanning a whole year allowing seasonal 
variation, alteration in the water column, and annual average flux data to the sediments to be 
detemined. The first deployment was made in August 1997 during the preliminary survey cruise 
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(CD 107). Each trap carried 21 sample cups that were opened and closed sequentially to provide high 
resolution sampling so that seasonal flux determinations could be made. The periods were pre-
programmed and varied seasonally between 7 days for spring-autumn traps and 28 days for mid-
winter traps (see Appendix 2). Within each cup an 8% Formalin solution was used to preserve the 
collected material. The first set of samples was collected successfully during cruise CD 111. 
However, both sets of moorings at sites A and B were lost for the second part of the annual cycle. 
3.4.2. Processing 
The retrieved material from cruise CD 111 was picked for "swimmers" (large intact zooplankton) 
which are known to bias fluxes and chemical analyses of sinking particulate material (Karl and 
Knauer, 1984; Lee et al., 1988) and divided into eight equal fractions using a rotary splitter at 
Southampton Oceanography Centre. The University of Edinburgh received two one-eighth splits of 
the sediment trap samples. Unfortunately, due to container leakage problems, it was only possible to 
collect material quantitatively from one set of sample splits. Sediment trap samples were filtered 
according to the JGOFS protocol. Briefly, this involved fixing a pre-cleaned PTFE 0.5 tm Whatman 
filter (MilliQ [18.2 mf], methanol and dichloromethane rinsed) into a specially constructed plastic 
filter rig and rinsing with 25 ml of HPLC-grade methanol. The sediment trap sample was then shaken 
and poured through the filter using a gentle vacuum to prevent cell lysis. Once the accompanying 
sample fluid had passed through the filter, this was followed by approximately 25 ml of a filtered 
(combusted GF/F; 0.7 pm) rinse solution (NH 40H in MilliQ; pH8) taking care to rinse the sides of the 
filter rig above the filter. The particulate matter was then scraped off the Teflon filter using a micro-
spatula into a clean, fired pre-weighed glass vial, again taking care to rinse all material off the spatula 
and base of the filter rig. Where sample amounts were limited, several samples were combined to 
yield sufficient material for analysis. The samples were then frozen at -20 °C, freeze-dried and then 
weighed to determine the flux of material reaching each set of trap samples. The amount of material 
obtained was sufficient to conduct total and organic carbon and total nitrogen as well as surface area 
analyses (see below), but was not enough to conduct biochemical analysis. A representative 
combined trap sample was therefore prepared for each trap depth at each site by pooling flux-weight 
amounts from each of the vials of homogenised, freeze-dried material (see Appendix 2). 
3.5. Suspended Particles 
As sediment traps inefficiently sample suspended (< 20 j.tm) particles, in situ filtration systems or 
large volume water collection must be used. On CD 111 we attempted to collect material using an 
array of six SAPS's (Stand-Alone Pumping System) at each site positioned in pairs through the water 
column, one near-bottom, one near the top of the BBL and one at the depth of the upper sediment trap. 
At each depth one pump contained an Aziopore" filter for collecting material for analysis of metals at 
Dunstaffnage Marine Laboratory, and a second contained a GF/F filter (0.7 p.m) suitable for collecting 
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material for organic analyses. A pre-filter (mesh-size 10 tm) was also used with each pump to help to 
prevent clogging of the main filter and also to size-fractionate the incoming material. Unfortunately, 
we encountered problems with the GF/F filters tearing and, where they remained intact, we did not 
collect sufficient material for organic analysis despite —5 hour deployment times. 
On CD 113 we attempted to collect suspended particles by filtering large volumes of seawater (90-100 
L) collected approximately 10 m above the sediment-water interface using Nisken bottles attached to a 
Conductivity-Temperature-Depth Probe (CTD). This had the advantage of being able to collect 
material from closer to the seabed than the SAPS and was therefore more likely to encounter 
resuspended material. Although some pale brown discoloration was observed on the 47 mm, 0.7 pm 
GF/F filter used, the amount of material recovered was insufficient for chemical analysis. 
3.6. Sedimentary Oxygen Profiling 
Sediment porewater dissolved oxygen concentration profiles were measured to enable oxygen 
exposure times to be investigated. Oxygen profiles were measured using calibrated oxygen 
microelectrodes attached to a free-falling benthic lander by Dr. Gary Fones, Dr. Kevin Black and Mr. 
0. Peppe. The benthic lander was deployed in profiling mode (i.e with the interchangeable oxygen 
micro-electrode unit attached) at each BEND 0 site for approximately 10 hours during cruise CD 111 
and CD 113 (Figure 2.3). On the oxygen —microprofiling unit were mounted 4-6 Clark-type 
microelectrodes with a maximum sediment penetration depth of 8 cm. Black et al. (in press) have 
reported the full details of BENBO lander deployments (see also Section 2.4). However, due to 
deployment and micro-electrode problems, no profiles were obtained on either cruise at Site C and 
only during CD 113 at Site B. This has meant that data on oxygen penetration depth and diffusive 
uptake of oxygen across the sediment water interface is lacking for some stations! dates. It has been 
possible however, through comparison of other data sets for sites B and C, to make an estimate of 
oxygen penetration depths at Site C, which is described fully in Chapter 4. 
3.7. Sediment and "Fluff' Size-Fractionation 
Fluff material and selected sediment horizons were fractionated into two size classes in order to 
investigate whether there was any difference in the quantity or quality of organic matter associated 
with the two fractions. It was decided that the nominal cut-off point between the two fractions should 
be 20 im as this seemed to coincide with a "dip" observed in the bimodal particle size distribution 
revealed by preliminary grain-size analyses (see below). In order to size-fraction samples, a clean 
(10% HC1 soak, followed by several rinses of MilliQ water, methanol and dichloromethane) piece of 
20 tm plankton net (Duncan and Associates) was trapped tightly between a cleaned 63[Lm brass 
stacking sieve and sieve-set collection pan. A portion of a given sample was then poured onto the 
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sieve stack and the stack was then fixed into a shaker for 10 minutes. It was necessary to combine 
equal amounts of the two surface sediment horizons (0-0.5 cm and 0.5-1 cm) in order to obtain a 
representative surface sediment sample with sufficient material in both size classes to carry out 
analyses. On removal from the shaker, a pestle was used to gently break up any larger aggregates 
present and a minimal volume ('-200 ml) of MilliQ water was added and the sample was shaken again. 
The volume of water used was kept to a minimum in order to reduce any desorption of OM associated 
with the mineral grains. A final small MilliQ rinse of the sieve was carried out, the sieve was then 
removed and the > 20 tm fraction was then rinsed off the mesh into a zip-lock bag. The lower pan 
containing the less than 20 pm fraction was then carefully rinsed into a separate bag. These samples 
were then frozen, freeze-dried and homogenised prior to biochemical analysis. Grain size analyses 
were carried out where sample amounts permitted, in order to check the efficiency of separation 
(typically around 85-90%; see Appendix 3). 
3.8. Sediment and "Fluff' Density-Fractionation 
Low-density material was separated from bulk sediment grains by addition of 25m1 saturated CsC1 
solution of p= 1.9 g!cm3 to approximately 1 g of freeze-dried sediment sample in a cleaned Teflon 
centrifuge tube. The CsCl solution was prepared by gently warming CsCl in MilliQ water to give a 
saturated solution, and this was then filtered through a fired 47mm, 0.711m GF/F filter. After 
homogenisation, the centrifuge tubes were placed in a shaker for 30 minutes and then centrifuged at 
17,000 rpm for 60 minutes. The < 1.9 g/cm 3 fraction was removed with a Pasteur pipette into a 
separate centrifuge tube and a further 25 ml CsCL solution was added to the first centrifuge tube 
containing the remaining sediment and the above extraction procedure was then repeated. 
The> 1.9 g/cm3 fraction was then desalted by homogenising the sediment pellet with MilliQ water on 
a shaker for 15 minutes. The samples were then centrifuged at 17,000 rpm for 15 minutes at room 
temperature. The overlying water was then carefully removed using a pipette taking care not to 
disturb any solid material. If any evidence of resuspension was observed the tube was recentrifuged 
ensuring that there was no sample bias through the removal of fine, easily suspendable material. This 
rinsing step was then repeated using 10% UV-treated seawater in MilliQ water to remove CsC1. 
The < 1.9 g/cm3 fraction was collected by adding MilliQ water to the centrifuge tubes containing this 
material. This reduced the density of the fluid in which the low-density material was suspended and 
also acted as a desalting step. After centrifuging at 17,000 rpm for 60 minutes a small pellet of 
material was obtained. The overlying water was removed again ensuring that no material was 
resuspended, and the sample was transferred to a clean vial, frozen and then freeze-dried. 
It was not possible to accurately quantify the small amount of low-density material obtained 
(estimated < 10 mg) so removal and losses of OC and TN during density separation were not 
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quantified. However, Mayer et al. (1993) obtained recovery efficiencies of 97% for OC and 96% for 
TN when low- and high-density fractions were quantitatively compared with bulk sediment. 
3.9. Total Carbon and Total Nitrogen Analyses 
The total carbon (TC) and nitrogen (TN) content of sediment bulk horizons, size-fractions, burrows, 
and sediment trap samples were measured on untreated freeze-dried samples with a Carlo Erba model 
NA1 500 CHN analyser (Hedges and Stern, 1984). Replicate analyses showed reproducibility for TC 
to be <± 2% for most sediment samples (maximum ± 3%) which is in good agreement with the 
published precision of this method <± 1% (Hedges and Stern, 1984). However, the error of the TN 
values was TN < ± 5% for most sediment samples (with a maximum of± 10%) higher than the 
published values for this method of± 2% (Hedges and Stern, 1984). This was likely due to a 
combination of very low nitrogen content of these samples coupled with a high carbonate content that 
necessitated preparation of a minimum sample size for analysis. Monitoring of blank counts for the 
pre-cleaned tin boats used to carry out these analyses indicated that N values were typically zero and 
that C counts (5,000) were much less than 1% of typical sample C counts. Therefore TC and TN 
values were not blank-corrected (Appendix 4). 
3.10. Organic Carbon Analyses 
Weight percentages of organic carbon in sediment bulk horizons, size-fractions, burrows, and 
sediment trap samples were determined after vapour- and liquid-phase acidification. It was necessary 
to modify published vapour-phase acidification methods of Hedges and Stern (1984) and 
Nieuwenhuize et al. (1994) because of the high carbonate content of these sediments. Sediment 
samples (12-25 mg) or sediment trap samples (3-6 mg) were weighed into methanol- and 
dichioromethane-rinsed (HPLC-grade), combusted silver boats (5 x 8 mm, Microanalysis) and placed 
on a cleaned Teflon tray. An opened-out larger silver boat (5 x 12 mm, Microanalysis) was then 
placed underneath these boats to form a "saucer" and 25 p1 of MilliQ water was added. The wetted 
samples were then placed in a glass desiccator containing approximately 200 ml of conc. HC1 and left 
for 3-4 hours. The tray was then removed and 25 p1 aliquots of double-distilled tiN HC1 were added 
to the samples until no further effervescence was seen. The samples were then dried overnight at 60 
°C on a hot-plate prior to analysis on a Carlo Erba model NA 1500 CHN analyser. The variation 
between replicate analyses was generally <± 4% (deviation about mean where n=2-4) for sites B and 
C rising to ± 5% for the organic-poor, site A sediments. These values are slightly higher than the 
long-term precision of 3% indicated by Nieuwenhuize et at. (1994). The poorer precision for BENBO 
samples was likely due to the difficulty of measuring low OC concentrations in carbonate-rich 
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samples (%TC = 50-100 x %OC). The monitoring of blank values for silver boats with "saucers" that 
had been subject to acid treatment measured less than 2% of all sample carbon values (Appendix 4). 
3.11. Dissolved Organic Carbon Analysis 
Dr. Hilary Kennedy's group at the University of Wales, Bangor, conducted dissolved organic carbon 
analyses on porewater samples. Analyses were conducted using the High Temperature Catalytic 
Technique on 2 ml sample aliquots loaded into clean glass vials after acidification with 10 tl H3PO4 
and purging with N 2 for 5 minutes with an MQ1001 TOC Analyzer (Appendix 5). 
3.12. Isotopic Analyses 
Stable nitrogen and carbon isotopic analyses were conducted on total nitrogen and organic C 
components of selected bulk sediment, burrow and sediment trap samples. Samples were prepared as 
given above for total nitrogen (i.e. untreated) and organic carbon (i.e. acid-treated) and analysed using 
a VG Prism Mass Spectrometer. Nitrogen isotope values (6' 5N) are reported relative to atmospheric 
nitrogen and 813C  is reported relative to the PDB carbon standard. Replicate samples (n=2) showed 
N-isotope reproducibility about the samples mean to be ± 3% for sediments rising to ± 5% for fluff 
material (Appendix 6). Carbon-isotope reproducibility was <±1%. Automatic blank corrections were 
made. 
3.13. Analysis of Grain Size Distribution 
Grain size distributions were determined on bulk sediment and also on sediment size fractions, sample 
amounts permitting, to determine the efficiency of the size fractionation procedure. Freeze-dried bulk 
samples and size-fractions > 20 tm were first passed through a 500 jim sieve necessary to ensure that 
no large grains were placed into the analyser. The> 500 p.m fraction consisted of only a few grains at 
these sites and was not quantified. Between 0.6 and 1 g of sample was then roughly weighed into 
glass beakers and 100 ml of 4% sodium hexametaphosphate was added and left overnight to bring 
about deflocculation. On the day of analysis, the samples were ultrasonicated for 5 minutes and then 
analysed using a LS100 Particle Size Analyser. Sample beakers were rinsed several times into the 
sample introduction port using de-ionised water to ensure that the sample had been completely 
transferred. Reproducibility varied between different sediment size-fractions with samples showing 
least variation in the <2 p.m fraction (sample mean ± 2-10%) and the most variation in the> 250 p.m 
(sample mean ± 6-29%). It is possible that the variation between sample replicates was increased 
because of a reluctance to vigorously homogenise sediments for fear of compromising important 
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surface area and grain-size analyses in these soft, foraminifera-rich, calcareous materials (Appendix 
7). 
3.14. Sediment and Sediment Trap Material Surface Area Analyses 
Prior to surface area analyses of sediment samples, it was necessary to carry out a desalting step. This 
was not necessary for sediment trap samples as they underwent rinsing in the sample processing 
procedure. Desalting was carried out in microcentrifuge tubes to which approximately 2 g of 
sediment was added. The centrifuge tubes were then filled almost to the top with MilliQ water and 
shaken vigorously before being centrifuged at 20,000 rpm for 10 minutes. The supernatant was then 
carefully pipetted off, making sure that none of the sample fmes were removed. If any indication of 
disturbance was seen the sample was re-centrifuged. This desalting procedure was repeated twice and 
then the samples were freeze-dried. Sediment and sediment-trap material surface area analyses were 
conducted using the BET-N 2 adsorption method (e.g. Mayer, 1994a) with a Quantachrome Monosorb 
Analyser at the University of Washington. In this technique, a continuous flow of nitrogen gas was 
applied to a degassed sample, and cooled to liquid nitrogen temperature (-196°C). The gas condensed 
on the sample surface enabling the surface area of the material to be determined by measuring 
desorption of N2 from the sample surface (Appendix 8). The reliability of these measurements was 
tested by regular analysis of a well-characterised sediment Lake Washington Standard Mud (LWSM). 
Repeat adsorption/ desorption for a given sample typically yielded standard errors of< 2% and 
replicate analyses of samples produced :! ~ 2% of the sample mean. 
3.15. Total Hydrolysable Amino Acid and Hexosamine Analyses 
Amino acids are extracted from marine sediments using a hydrolysis step that cleaves peptide bonds 
yielding free- amino acids from large proteins. Amino acids and hexosamines were quantified using a 
slightly modified version of the charged-matched recovery standard method of Cowie and Hedges 
(1992b). Samples were prepared by weighing —5 mg for combined sediment trap samples, and —50 
mg for sediment samples, into fired (>4 hours at 450 °C) glass ampoules. It was necessary to pre-
treat the samples prior to hydrolysis because of their high carbonate content. This was done by first 
adding a minimum volume of MilliQ water to wet the weighed sample and then adding aliquots of 6N 
double-distilled HC1 until effervescence ceased. The samples were then dried in a vacuum desiccator. 
On the day of hydrolysis the samples were removed from the desiccator and the ampoules flushed 
with argon to provide an oxygen-free environment in which the hydrolysis could take place. Two ml 
of 6N double-distilled HCl, N 2-sparged to remove oxygen, was added to the ampoules. The ampoules 
were then sealed under a flow of argon using a propane torch and placed on a hotplate at 150 °C for 
70 minutes. Once removed from the hotplate and cooled, the ampoules were then opened by snapping 
off the top above the scored neck, and then the charged-matched recovery standard mixture was 
added. The charged-matched recovery standard mixture comprised of known concentrations of an 
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Table 3.1 Solvent conditions for separation of amino acids on a Adsorbosphere OPA-HR, 
octadecylsilane column where Solvent A = methanol and Solvent B = 35 mM sodium acetate + 50 
ml tetrahydrofuranlL, adjusted to pH 5.8-5.9, using a flow rate of 1 ml/minute. The post-run 
column-conditioning step is also given. 
Time since start of Analysis 
(minutes)  
% Solvent A 	% Solvent B 
0 14 	 86 
Separation 35 65 35 
36 90 	 10 
40 90 10 
41 98 	 2 
Column 45 98 2 
conditioning 
46 50 	 50 
50 14 86 
55 14 	 86 
acidic, neutral and basic amino acid (a-amino adipic acid, flurophenylalanine and hydroxylysine, 
respectively) that are used to account for losses during the extraction procedure that may be specific to 
an amino acid charge class (e.g. sorption to glassware). After recovery standard addition, the samples 
were then vortex-mixed thoroughly, transferred by pasteur pipette into cleaned (HC1 soak, followed 
by MilliQ and methanol rinses), fired (>4 hours at 450 °C) glass vials with teflon-lined caps and 
centrifuged at 7000 rpm for 10 minutes. The resulting supernatant was then transferred to a clean, 
glass test tube. After drying on a vortex evaporator, the sample supernatants were then re-dissolved in 
a minimum volume (usually approximately 2 ml) of 0.4 M potassium borate buffer (pH 10.5) to 
produce a pH greater than 10.5. The hydrolysates were converted to their fluorescent o-
phthaldialdehyde derivatives in a Hewlett Packard 1100 autosampler fitted with an in-line 
derivatisation loop and a refrigerated sample tray unit (2 °C). These derivatives were then analysed 
using a Hewlett Packard 1050 High Performance Liquid Chromatograph (HPLC) and a Hewlett 
Packard 1046A fluorescence detector with an excitation wavelength of 328 nm, and monitoring 
emission wavelengths > 450 nm. Separation was achieved on an Adsorbosphere OPA-HR, 
octadecylsilane 5 .tm pore size, 4.6 mm I.D x 150 mm analytical colunm (Alitech), using a binary 
solvent system where "Solvent A"= methanol and "Solvent B"= 35 mM sodium acetate + 50 ml 
tetrahydrofuran/L, adjusted to pH 5.8-5.9 (adjustments made to maintain separation as column aged). 
A flow of 1 mu minute was used and the changing solvent ratios within a 40-minute analysis time are 
given in Table 3.1. Between each analysis a post-run column-conditioning step was used to prevent 
carry-over of late-diluting compounds from one sample to another and to ensure that the column was 
fully equilibrated at the start of each run. Chrom Perfect chromatographic software was used to 
quantify individual amino acids by one-point calibration with standards containing amino acids and 
hexosamines at known concentration. 
Using this method, individual amino acids can be estimated with a precision of± 5-10 % (Cowie and 
Hedges, 1992b). Precision values of replicate BENBO samples were of this order for the majority of 
67 
Chapter 3: Methodology 
amino acids quantified in this study. The exceptions to this were the basic amino acids arginine 
(sample mean ± 15-20%), ornithine, lysine (sample mean ± 20-25%) and histidine (sample mean ± 
40%) which are often observed to be more variable (e.g. Cowie and Hedges, 1992b). Other 
exceptions were the non-protein amino acid y-amino butyric acid (sample mean ± 30%) and the 
neutral amino acids tyrosine and methionine (sample mean ± 20-30%). The variability accompanying 
methionine analyses is most likely due to interference from ammonia that elutes just before 
methionine using these chromatographic conditions. This was not a significant problem in the upper 
sections of sediment cores, but a concomitant increasing ammonia peak and decreasing methionine 
peak with sediment depth meant that it was not possible to reliably quantify methionine at sediment 
depths greater than 3-4 cm. Amino acid blank values were monitored but not corrected for as they 
typically accounted for less than 2% of measured sample values. Serine, glycine and aspartic acid had 
the highest blank values (2-3 nmoles) which accounted for < 5% of measured values in all but the 
most amino-acid poor samples at the base of site A cores, where the amino acid content approached 
detection limits (Appendix 9). 
The reproducibility of total hexosamines was comparable to values obtained for amino acids (sample 
mean ± 10-15%). However, the reproducibility of individual hexosamines was poor with an average 
sample mean variation of ± 20% (maximum ± 37%) for galactosamine and ± 30% (maximum ± 60%) 
for glucosamine. This was probably because the two hexosamine elute very close together and, 
although the presence of two peaks can be clearly discerned, accurately attributing the area of overlap 
to each compound is difficult. The amounts of individual hexosamines have therefore been treated 
with caution and interpretation has largely been limited to total hexosamine values. There was no 
need to subtract blank values for these compounds as they were below detection. Muller et al (1986) 
reported that HA might be broken down using relatively strong 6N hydrolysis conditions and 
suggested that hydrolysis using 3N HC1 gave higher yields. Time constraints prevented investigation 
of possible HA losses, but these are known to vary between sample types (Kaiser and Benner, 2000). 
A number of authors (e.g. Haake et al., 1993) apply a correction of 1.4 to scale-up HA yields to 
account for losses during hydrolysis but it was decided that this factor would not be applied to HA 
yields in this study in view of the uncertainty regarding sample type. Instead, the HA yields in this 
study should be viewed as minimal estimates (Appendix 10). 
3.16. Total Neutral Sugar Analyses 
As with amino analyses, the samples required a pre-treatment step because of their high carbonate 
content. Decarbonation was carried out as detailed above prior to aldose analysis following the 
method of Cowie and Hedges (1984b). Briefly, —500 mg of sediment was decarbonated in a teflon 
centrifuge tube and dried prior to extraction. Extraction was by hydrolysis, where 2 ml of 72% wt. 
H2SO4 was added to the centrifuge tube, which was then placed on a magnetic stir-plate at room 
temperature for 90 minutes. The acid was then diluted with 18 ml MilliQ water, homogenised with a 
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vortex mixer before being placed in a bath of boiling water on a magnetic hotplate, where it was 
continuously stirred and maintained at boiling point, for 3 hours. After 3 hours, the sample was 
cooled in an ice bath, the adomtol internal recovery standard added, and neutralised to pH —6 by 
adding ground barium hydroxide. Once neutralised, the samples were centrifuged at 6000 rpm for 7 
minutes, before the supernatant was de-ionised. Deionisation was carried out by pouring the 
supernatant onto two columns placed in series, the upper one containing a cation exchange resin 
(Dowex 50W-X8 H form, 20-50 dry mesh), and the lower one containing an anion exchange resin 
(Dowex 1 X8-200, formate form converted from Cl - form, 100-200 dry mesh). The deionised 
supernatant was collected in a pear-shape flask and rotoevaporated until just dry before being taken up 
in a total of 300 lil (200 Al and then 100 Al rinse) of 0.2% (wt./vol.) lithium perchlorate in pyridine, 
ensuring that all sugars were taken into solution by ultrasonicating and scraping the sides of the flask. 
This pyridine solution was placed in a vial sealed with a teflon-lined cap, and heated on a hot plate at 
60°C for 36-48 hours to isomerically equilibrate. 
The isomerically equilibrated neutral sugar mixtures were analysed as their trimethylsilyl derivatives 
by gas chromatography using flame-ionisation detection (Hewlett Packard 5890 Series gas 
chromatograph with 6890 series autosampler). Initially, BENBO samples were analysed following 
the split-injection method described by Cowie and Hedges (1984b). This was later changed to a 
splitless technique in an attempt to improve sensitivity in the low carbohydrate yield BENBO 
sediments. During splitless injection the same column type was used as for split injections (DB-1, a 
fused silica capillary column coated with SE-30 liquid phase, J andW Scientific Inc), but of a wider 
bore (0.32 .tm i.d. compared with 0.25 tm). The gas flow rates were also the same as those used in 
split injections (He carrier gas: 1-1.5 nil/min, total flow: 20-30 mu mm, septum purge 3-4 ml/min), 
requiring the column head pressure to be reduced from 18 to 7 psi. The inlet and detector 
temperatures were also the same in the two methods (both 300 °C), but the GC-oven temperature 
programme was slightly different for splitless injection, as follows: 
Initial temperature 100°C - maintained for 30 seconds at start of run, first ramp to 140°C at a rate of 
60°C/minute - maintained at 140°C for 5 minutes, second ramp to 300°C at a rate of 5°C! minute - 
maintained at 300°C for 2 minutes, then oven is returned to 100°C starting temperature. 
A one-point calibration using a standard of known concentration was constructed for both injection 
methods and the amounts of individual sugars were determined using Chrom Perfect chromatographic 
software. Replicate analyses (n=2-3) yielded an average reproducibility of ± 15% for the majority of 
aldoses. The exceptions to this were the more reproducible major sugars glucose and galactose (± 5% 
and ± 10% respectively) and the minor sugar ribose whose precision averaged around ± 35%. The 
precision values in this study are poorer than those published by Cowie and Hedges (1984b) who 
obtained sample mean deviations of less than 10% for the majority of sugars for more organic-rich 
coastal marine sediments. However, they too reported variations between individual aldoses with 
ribose being the least reproducible. Inspection of the reproducibility of BENBO samples reveal that 
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the largest intra-sample variations are evident in the most organic-poor samples, i.e. sediments from 
Site A. The developers of this analytical method (Cowie and Hedges, 1984b) also noted this pattern 
of variation. Sample blanks (reagents but no sample) were less than 1 fig for all aldoses except 
arabmose (maximum 2 .tg) and glucose (maximum —13 tg). These blank values accounted for 
typically less than 5 % in all but the most carbohydrate-poor samples and were therefore not 
subtracted. These blank values compare favourably with those of Cowie and Hedges (1984b) who 
obtained blank values of < 1 ig for all aldoses except glucose, where the blank rose to a maximum of 
10 pg (Appendix 11). 
3.17. Total Lignin Phenol Analyses 
	
3.17.1. 	Extraction 
Lignin analyses were conducted on fluff material and surface sediments, providing an indicator for 
vascular plant debris of terrestrial origin. It was necessary to combine equal amounts of the top two 
surface sediment horizons (0-0.5 cm and 0.5-1 cm) in order to yield enough material for analysis. The 
lignin content was determined as lignin-derived phenols extracted via a slight modification to the 
alkaline CuO oxidation method described by Hedges and Ertel (1982). At the University of 
Edinburgh, the CuO oxidation was carried out in specially constructed "minibombs" into which the 
reagents were sealed along with stir bars, in a nitrogen glove bag. These bombs were then mounted 
on a rotating carousel in an oven and heated from 30°C to 155°C in 30 minutes. The bombs were then 
maintained at this temperature for a further 2V2 hours. The extraction procedure then continued as 
described by Hedges and Ertel (1982) except that separation was done in teflon centrifuge tubes rather 
in separatory funnels. 
The extracted lignin phenols were quantified in two ways. 
3.17.2. 	Quantification by Gas Chromatography-Flame lonisation 
Detection (GC-FID) 
Firstly, the samples were analysed as their trimethylsilyl derivatives by gas chromatography using 
flame ionisation detection (Hewlett Packard 5890 Series gas chromatograph fitted with a 6890 Series 
autosampler). As the alkaline CuO extraction procedure yields a large number of compounds not all 
of which are of interest, and a number of the compounds recovered co-elute with each other when 
subject to gas-chromatographic analyses using a single column, it is necessary to use two columns 
when trying to quantify lignin-phenols by gas chromatography. The gas chromatograph was fitted 
with an in-line flow splitter and a DB-1 and a DB-l701 fused silica capillary columns (30 m, 0.25 mm 
i.d, 0.25 tm film thickness; J and W Scientific, Inc.) each with a 1 m fused silica deactivated guard 
column (0.25 mm i.d, J and W Scientific, Inc.) attached. Lignin phenols were quantified as described 
by Hedges and Ertel (1982). This relied on the quantification of three phenol groups, the vanillyl, 
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syringyl, and cinnamyl phenols that contain 3, 3, and 2 compounds respectively, the combined yields 
of which are used to estimate lignin content. 
However, the necessity of using two columns to analyse lignin-derived phenols by gas 
chromatography-flame ionisation detection makes quantification laborious and it is often difficult to 
determine peak identities with confidence. The results of these preliminary analyses indicated that 
there was very little lignin in BENBO samples so it was decided to find an alternative analytical 
technique that would both increase sensitivity and make peak identities certain. I therefore developed, 
with the aid of Dr. Patrick Louchouarn at the Department of Marine Science, University of Texas, a 
second analytical procedure for lignin phenol quantification by gas chromatography-mass 
spectrometry (GC-MS) using a method of selective ion monitoring (SIM). This method had the 
additional benefit of far greater analytical sensitivity than GC-FID. 
3.17.3. 	Quantification by Gas Chromatography-Mass Spectrometry 
(GC-MS) 
This method involved the separation of compounds on a gas-chromatograph (Hewlett Packard 6890 
Series gas-chromatograph with 7683 series autosampler) fitted with a single HP5-MS column (30 m, 
0.25 mm i.d., 0.25 tm film thickness; Hewlett Packard) with a 1 in fused silica deactivated guard 
column connected by a glass union joint (both Hewlett Packard). A MS (mass spectrometer) column 
was used because it has reduced "column-bleed" properties, therefore reducing the probability that 
material originating from the column itself would enter the mass-selective detector (MSD) and 
potentially interfere with results. The injection port was fitted with a Merlin Microseal septum and an 
injection liner (4 mm i.d.; Hewlett Packard) loaded with a small plug of silanised glass wool and 1-2 
cm of silanised glass beads. 




Injector 300 °C 
Injector Volume 2 	tl 
Initial Oven Temperature 100 °C 
Temperature Programme 4 °C/ minute 
Final Oven Temperature 270 °C 
Time at Final Temperature 15 minutes 
Detector (MS Interface) 280 °C 
MS Quadrupole Temperature 150 °C 
MS Source Temperature 230 °C 
MS Voltage 70eV 
Electron Multiplier Voltage '-1500-1650 V 
Dwell Time 30-80 ms 
Carrier Gas Flow 1.3 ml! minute 
Column Head Pressure 7 psi 
Split Ratio 12-13 : 1 
Gas Saver On 
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Once separated, the compounds then entered the mass selective detector (Hewlett Packard 5973 Series 
MSD) where they were ionised by electron ionisation (El) to give a suite of positively charged mass 
fragment ions that could be quantified. However, in selective ion monitoring (SIM) mode, the MSD 
quantified only the ions of a specific mass-to-charge ratio (m/z) that it was programmed to search for, 
namely a main target ion and two qualifying ions that together were specific to each compound of 
interest. This made this technique very specific and once conditions are optimized, detection limits 
can be in the picogram range (Hewlett Packard, 1998) compared with detection limits in the nanogram 
range for traditional GC methods (Hedges and Ertel, 1982). Lignin phenols were quantified using 
Hewlett Packard ChemStation Software. 
Method Development and Optimisation 
GC-MS Conditions. The GC conditions used for GC-MS analysis (Table 3.2) were very similar to 
those used in the conventional GC-FID analysis of lignin phenols of Hedges and Ertel (1982). Helium 
is used as the carrier gas set to give a constant flow. The 6890 Series gas chromatograph has a gas 
saver capability when split injections are used. This allows the column flow rate and head pressure to 
be maintained whilst limiting the flows from the purge and the split vent once the sample has been 
introduced on to the column. 
GC-MS Tuning. Prior to running any samples on a GC-MS it was necessary to tune the MSD. The 
purpose of tuning was to set the mass axis correctly, to set peak widths and intensities to standard 
values, to ensure peak separation and that masses are assigned correctly, and to set voltages according 
to the type of tune specified. There are two main tune types that can be used to tune the HP 5973 
MSD, the Standard Spectra Tune and the Maximum Sensitivity or Autotune. Both of these tunes use 
the compound perfluorotributylamine (PFTBA) which fragments primarily into ions of m/z 69, 219 
and 502. This compound was selected for this purpose because of its stability and its ability to 
produce reproducible tuning (Hewlett Packard, 1998). It is during tuning that a number of parameters 
are set, including voltages across components within the MSD, and the mass axis is calibrated. 
The Standard Spectra Tune is typically used for diagnostic scans where the analyst is attempting to 
identify unknowns, particularly if commercial (standard) spectrum libraries are to be employed to aid 
this purpose. This tune works by optimising the PFTBA mass fragment 502, and a standard response 
is obtained over the whole range of scanned masses. The Maximum Sensitivity Tune (or Autotune) as 
the name suggests, is used when maximum sensitivity over the whole range of masses to be scanned is 
required. In this tune the voltage across the entrance lens of the MSD is optimised for PFTBA 
fragments of m!z = 69 and m/z = 502. These values are then used to define a slope of voltages which 
the entrance lens follows during each mass scan cycle such that fragments of low and high masses are 
of maximum abundance (Hewlett Packard, 1998). 
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As the results from GC analysis of BENBO samples indicated very low concentrations it was 
expected that it would be necessary to tune the MSD for maximum sensitivity. However, a 'Standard 
Spectra' tune was carried out inititially so that published spectra libraries might be used to aid peak 
identification. Unfortunately, the vast majority of the tri-methylsilyl (TMS) derivatives of the 
analytes in this study were not present in the commercially available libraries. Maximum Sensitivity! 
Autotune was therefore always used to tune the MSD prior to conducting any analyses. Each tune 
was checked according to Hewlett Packard's specifications for air leaks, contaminants, correct mass 
assignments, isotopic ratios, and relative and absolute mass-fragment peak abundance. 
Lignin Phenol Standards. For consistency I decided to use the same standard mixes that had been 
prepared for analysis of lignin phenols by GC-FID. These consist of two standard mixes; Mix A 
(Table 3.3) containing the suite of compounds to be quantified in the sample and Mix B containing a 
number of compounds that act as internal standards for a variety of non-lignin CuO oxidation products 
(e.g. cutin, not quantified in this study; Table 3.4). 
Table 3.3 Compounds in standard Mix A. This standard contains the compounds of interest 
that are to be quantified in the sample. 
Full Name Abbreviation 
Benzoic acid BACID 
para-hydroxy benzoic acid PHBACID 
para-hydroxy acetophenone PHB ONE 
para-hydroxy benzaldehyde PHBALD 
3,5,-di-hydroxy benzoic acid DHBACID 
Vanillin VALD 
Acetovanillone VONE 
Vanillic acid VACID 
Syringealdehyde SALD 
Acetosyringone SONE 
Syringic acid SACID 
Comaric acid CACID 
Ferrulic acid FACID 
Hexadecanedioic acid Cl 6DACID 
16- hydroxy benzoic acid HC 1 6ACID 
Table 3.4 Compounds in standard Mix B. This standard contains compounds that act as 
internal standards when added to samples during the extraction procedure.*The se  compounds 
are used as the internal recovery standards. 
Full Name Abbreviation 
Ethylvamllin* EVAN 
Cinnamic Acid C1NACID 
1 2-hydroxy octadecanoic acid HC 1 8ACID 
Di-methoxy benzaldehyde DMBALD 
4,4,-di hydroxy benzophenone DHBONE 
Di-niethoxy benzoic acid DMBACID 
Tricosanoic acid IC23ACID 
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Identifying Lignin Phenols from their Mass Spectra. A 50:50 mix of the two standard stock 
solutions (Mix A and Mix B) was prepared and compounds were converted into their tri-methylsilyl 
derivatives by adding an equal volume of Regisil reagent (BSTFA + 1% trimethylchlorosilane; 
Merck) and then placing the sealed vial on a hotplate for 10 minutes at 60 °C. This standard mix was 
then analysed by GC-MS according to the conditions in Table 3.2 in scan mode, searching for the 
complete range of mass fragments within the mass fragment range m/z= 30-550 (Figure 3.1). Each 
peak in the resulting total ion chromatogram was assessed to establish the number of compounds that 
contributed to each peak. Once this was established, an extracted ion chromatogram was obtained for 
each compound in its tri-methylsilyl-derivatised form and identified. Once peak identities had been 
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Figure 3.1 Total ion chromatogram of a 50:50 lignin standard mix acquired in scan mode over a 
mass range of 30-550 amu. Mass spectra obtained from each peak enabled the contributing 
lignin phenols to be identified. The width of each peak was used to optimise dwell times. Peak 
identities are as follows (see Table 3.1 and 3.2 for explanation of abbreviations): 1) BACID, 2) 
PHIBALD, 3) PHBONE, 4) DMBALD (underivatised), 5) VALD, 6) CINACID, 7) EVAN, 8) 
VONE, 9) PBBACID, 10) SALD, 11) DMBALD, 12) VACID, 13) SONE, 14) DHBACID, 15) 
SACID, 16) CACID, 17) FACID, 18) HC16ACID, 19) DHBONE, 20) HC18ACID, 21) 
C16DACID 22) Phthalate contaminant, 23) C23ACLD. 
74 
Chapter 3: Methodology 
Table 3.5 Target and Qualifier ions for each compound of interest and their group number (see 
text). 
Group Name Approximate Mass (amu) 
Target Ion 	Qualifier 1 	Qualifier 2 
1 benzoic acid 179 105 135 
2 para-hydroxybenzaldehyde 179 194 151 
3 para-hydroxyacetophenone 193 208 151 
3 3,4-di-methoxybenzaldehyde (underivatised) 166 151 95 
4 vanillin 194 209 224 
4 cinnamic acid 205 131 161 
5 ethylvamllin 167 195 238 
6 acetovanillone 223 193 208 
6 p-hydroxybenzoic acid 223 267 193 
7 syringealdehyde 224 239 254 
8 3,4-di-methoxybenzaldehyde 239 195 165 
9 vanillic acid 297 267 312 
9 acetosyringonesone 238 253 268 
10 3,5-di-hydroxybenzoic acid 370 355 311 
11 syringic acid 327 342 312 
12 coumaric acid 293 219 308 
13 ferrulic acid 338 323 249 
14 16-hydroxyhexadecanoic acid 401 311 385 
15 4,4-di-hydroxybenzophenone 193 358 343 
15 12-hydroxy-octadecanoic acid 187 359 360 
16 hexadecanedioic acid 204 217 415 
17 tricosanoic acid 117 411 426 
Selection of Target and Qualifier Ions. The next step was to decide which ions should be used for 
each compound of interest. I selected these on the basis that they should represent the highest masses 
and abundances giving maximum specificity and signal whilst being unique to compound. The 
number of ions monitored for each compound was limited to three so that the MSD can spend longer 
analysing each ion (Table 3.5). No fewer than three ions are used in order to ensure specificity. 
These ions associated with each compound were then added to the analytical scan method, to be 
searched for only in the compound's corresponding retention time window. 
Determination of Dwell Times and Ion Groups. The amount of time that the MSD spends 
analysing each ion dramatically affects the sensitivity of an analysis because the signal/noise ratio 
decreases with shorter measurement times (Hewlett Packard, 1998). Therefore, if ions are monitored 
too quickly sensitivity will be lost. However, if ions are monitored too slowly the peak shape 
obtained by the MSD will not reflect the true chromatographic peak shape. The time spent measuring 
each ion the, "Dwell Time", must therefore be set. For normal capillary columns such as the one used 
in this method it is recommended that the analyst should aim to achieve 15-25 cycles across each peak 
(Hewlett Packard, 1998). The dwell time for each ion can therefore be calculated from the width of 
the peak to which it contributes (i.e. time taken for the peak to elute). In the GC-MS analysis of lignin 
phenols the peak widths ranged from 5.5 - 8 seconds (Figure 3.1) requiring dwell times of 30-80 
milliseconds (Table 3.2). 
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It is also beneficial to minimise the number of ions that the MSD is searching for at any one time. 
This is done by time-programming the MSD to search for the target and qualifier mass fragment ions 
of a single compound in a retention time window associated with each compound. However, it takes 
30 seconds for the MSD to establish a baseline after switching between monitoring different groups of 
ions. It was therefore necessary to group the ions associated with more than one phenol together in 
the software method programme if lignin phenols eluted with similar retention times. The same dwell 
time must be used for all ions within a group. The first column in Table 3.5 refers to the analytical 
group of ions that each compound fell into. 
Determination of Exact Masses of Target and Qualifier Ions. As a further attempt to maximize 
sensitivity, the exact masses of the ions used to monitor each of the lignin phenols were ascertained. 
In selective ion monitoring, the MSD only searches for the masses that are specified. Therefore, in 
order to obtain the highest levels of sensitivity it is necessary to programme exact masses (to within 
0.1 amu.) into the method used to analyse unknowns. 
Conducting what Hewlett Packard (1998) refers to as a "SIM experiment", this exact assignment of 
masses was carried out. This involved establishing a method that searched a range of masses 
separated by 0.1 amu covering a spread either side of the approximate target ion and qualifier ion 
masses. A total of five masses are entered for each target ion and each qualifier ion, resulting in three 
quintets of peaks being visible in each compound's extracted ion chromatogram (Figure 3.2). The 
largest peak within each quintet was then identified as the exact mass for that particular target or 
qualifier for the current tune file in use. Whenever a tune file was updated, it was necessary to repeat 
this process. If it was not possible to identify the exact mass of any given ion because the peak of 
largest abundance was situated at the start or end of a quintet then the SIM experiment was repeated, 
altering the scanned masses to cover a higher or lower range as appropriate. The exact masses (to 0.1 
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Figure 3.2 Example of the three quintets of selected ions used to determine the exact atomic 
masses of fragment ions. Plot is for vanillin with arrows indicating the mass chosen. 
-p 
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Table 3.6 Standard Dilutions used in the analysis of lignin phenols by GC-MS. *Dilutions  are 
relative to compound concentration in their initial standard stock solution of Mix or Mix B. The 





Level 6 10% lOOp! of 50:50 mix of stock standards A and B + 100 p1 pyridine 
Level 5 5% 100 .il of 10% dilution + 100 p1 pyridine 
Level 4 2% 100 p1 of 10% dilution + 400 p1 pyridine 
Level 3 1% 100 jil of 2% dilution + 100 p1 pyridine 
Level 2 0.5% 100 .tl of 1% dilution + 100 il pyridine 
Level 1 0.25% 100 tl of 0.5% dilution + 100 p1 pyridine 
Procedure for analysis of lignin Phenols by GC-MS 
Prior to any analyses, the MSD was tuned and then peak retention times and the exact atomic masses 
of target and qualifier ions were re-evaluated to ensure method optimisation was maintained. 
A series of standard dilutions of a 50:50 mix of stock standard Mixes A and B were then prepared 
(Table 3.6); derivatised with BSTFA at 60 °C for 10 minutes and then analysed in SIM mode. The 
peak integration was carried out using the software's "RTE" Integrator. The total ion chromatogram 
of each standard was inspected to ensure that all peaks had been accurately quantified. A minimum 
threshold for peak abundance was set at 150 mV, which was assessed to be a value that ensured that 
all mass fragments of interest would be analysed without including excessive amounts of noise. The 
chromatograms were then manually integrated, inspecting the baselines for each peak and the peak 
start and stop points. 
Once satisfied that all standards had been accurately integrated a six-point calibration curve for each 
compound in the standards was then constructed using the ChemStation software (Figure 3.4). These 
calibrations indicated that the response was not linear over the range of standard concentrations for all 
lignin phenols analysed. The unknown samples were therefore calibrated using only the standards 
that together provided a linear response range covering the measured responses of lignin phenols 
within each sample extraction. 
Prior to analysing a sequence of unknown alkaline CuO extracts by GC-MS, a single sample was run 
in order to obtain an idea of the likely responses that would be obtained analysing the extracts by this 
method. It was already known that lignin phenol concentrations in BENBO samples were low and 
were therefore unlikely to "swamp" the MSD. However, it was not known which one of the standard 
dilutions was most appropriate for the observed sample concentrations. An extract was prepared by 
derivatising 50 p.1 of sample with 50 tl of BSTFA and analysed under the conditions described in 
Table 3.1. Inspection showed the peak responses to be closest to those obtained for the 0.5% standard 
dilution (Table 3.6). The remaining unknown samples were prepared and a sequence set up with a 
0.5% standard dilution run at the start of the sequence and after every third sample. Ethylvanillin was 
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used as the internal standard compound when analysed lignin phenols by GC-FID. However in GC-
MS analysis of these compounds it has been suggested that losses of ethylvamilin may occur (pers. 
comm. Patrick Louchouarn) particularly in deep sea samples. The response of ethylvanillin was 
therefore monitored relative to cinnamic acid, another compound in stock standard mix B. When the 
ratio of these two compounds (ethylvanillin/ cinnamic acid) fell below 0.65-0.70 then cinnamic acid 
was substituted as the internal standard and concentrations of other lignin phenols were calculated in 
Excel relative to the response obtained for this compound. This was typically the case for BENBO 
samples (ethylvanillin/ cinnamic acid = 0.28-0.58). The precision of the extraction and two 
quantifying techniques at Edinburgh were investigated by analysing marine sediment whose lignin 
phenol content has been previously published (Hedges, et al., 1988). Extraction at Edinburgh of 
Dabob Bay coastal sediment, quantified using ethyl vanillin as an internal standard (ethylvanillin/ 
cinnamic acid = 0.91), produced agreements averaging ± 15 % for analysis by GC-FJD and ± 10 % for 
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Figure 3.3 Example of six-point calibration curve constructed to quantify each individual lignin 
phenol. The response was not linear over the whole mass so for low lignin concentration 
BENBO samples the lower indicated gradient (approximate range 1-12 .tg) was used for 
quantification. 
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4.1. Introduction 
In this chapter the bulk organic chemical composition of BENBO sediments and the factors that 
control it will be investigated. The mineralogy and OM concentration and bulk elemental 
composition of BENBO sediments are first characterised and the source of OM is established. The 
controls on OM in BENBO sediments are then investigated. This begins with the normalisation of 
sediment OC content to mineral surface area (SA), to investigate whether a textural influence on 
sediment OM content leading to narrowly defined OC: SA loadings, exists at these sites comparable 
to those found on other Continental Margins. Density separations were also conducted to assess 
whether sedimentary OM at these sites is intimately associated, i.e. sorbed, to mineral grains. This 
made it possible to evaluate whether the OM content of these sediments is governed by available 
sediment SA, and to examine whether OM may be protected through sorption to mineral grains in 
these sediments. 
The relationships between the OM content and bacterial and macrofaunal processes, sedimentation 
rate and sediment 02 penetration and exposure time, factors that might potentially influence OM 
remineralisation and burial, are then examined. The relationships between these aforementioned 
parameters provide an indication of OM cycling and burial in BENBO sediments, and the balance 
between these opposing processes of preservation and degradation are discussed. The results of these 
comparisons indicate that the amount of OM preserved is related to 02 exposure (and to the sediment 
accumulation rate, a factor that is not independent) at each site. Finally, comparison with another data 
set where 02 exposure was found to be the only factor critical to the amount of OM preserved in 
sediments confirms that 02 exposure time plays a pivotal role in determining OM preservation in 
marine sediments. 
4.2. Sediment Mineralogy 
The bulk inorganic carbon (%IC) content (i.e. %TC-%OC) of BENBO sediments (Figure 4.1) was 
high (6-10%) supporting the inferences made from sample observations in Section 2.5. Surface 
sediments were calcium carbonate-rich, particularly at sites A and B where the sediment was pale in 
colour. Calcium carbonate (calculated as (100.09/12.01) x %IC) accounted for approximately 80% of 
sediment weight (salt corrected dry wt.) at site A down to a depth of 15-17 cm. Below this the 
sedimentary CaCO 3  content dropped to approximately 25% reflecting a change in mineralogy from 
sediment dominated by foraminiferal tests to one consisting primarily of glacial clays. It is known 
that the deposition of clay material in the region of the northeast Atlantic was higher in glacial times 
leading to lower CaCO 3  contents than in interglacial periods (Thompson et al., 2000 and references 
therein). This change in particle type is also reflected in the grain-size distribution of sediment 
horizons at site A (Figure 4.2a,b). At site A, the transition from CaCO 3 ooze to glacial clay at 15-17 
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Figure 4.1 Depth profiles of salt-corrected sediment percent total inorganic carbon (dry weight) 
for the three BENBO sites A, B, and C during CD111 (closed diamonds) and CD113 (open 
diamonds) and for fluff material at site C (CD! 13; black triangle). 
cm depth resulted in a substantial shift to smaller grain sizes. The depth at site A at which this change 
in mineralogy occurred differed between the cores collected during CD! 11 and CD 113, suggesting 
that there is some degree of intra-site variability in sediment accumulation and/or mixing, or that some 
degree of sediment scouring occurred between the two sampling cruises. It is not thought that loss of 
surface sediment during coring contributed to the differences as care was taken only to use sediment 
cores with clear overlying bottom water for sampling (see Section 3.2). Within a particular core, 
however, measurements are consistent, with CaCO 3 content decreasing simultaneously with 
decreasing grain size. Thompson et al. (2000) also found the grain size distribution in surficial 
sediments at site A to be relatively coarse. Using different grain-size category boundaries to those 
used in this research, Thompson et al. (2000) found that most grains in site A surface material were in 
the 63-125 pm range, which is in good agreement with the median category in this study of 63-250 
Jim. Thompson et al. (2000) suggested that this bias towards larger grain sizes indicated that the 
sediment at site A had been winnowed. Winnowing, the removal of finer sedimentary material by 
strong bottom currents, is clearly a possible explanation for the coarseness of the grain-size 
distribution at site A (Thompson et at., 2000). However, it remains equivocal, as there is no data on 
the form of CaCO 3 inputs to site A. It is possible that CaCO 3 inputs were primarily in the form of 
larger foraminifera at site A and inputs of smaller coccolithophorids, an alternative source of CaCO 3 
were relatively small. 
Site B had a slightly higher CaCO 3 content (approximately 85%) than site A, this value reflecting 
again the high foraminiferal content of the sediments (confirmed by scanning electron microscopy; 
Dr. Kevin Black, University of St Andrews, pers. comm.), but the proportion of CaCO 3 remained 
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constant throughout the core (Figure 4. 1, B). The gram-size distribution was more skewed towards 
finer particles at site B than at site A, suggesting the presence of fewer large forammifera. Sediments 
at site C were the finest, indicating a reduced input of foraminiferal tests and a higher clay content at 
this site. At site C, the CaCO 3 content was correspondingly lower (around 60%), though still the 
dominant mineral type and remained constant downcore. The absence of downcore mineralogical 
changes in the sediments at sites B and C is reflected in the more uniform down-core grain-size 
profiles (Figure 4.2, C-F). 
The fluff material collected at site C had a much lower CaCO 3 content (- 9%) than the surface 
sediments below (Figure 4.1 C) and this material was finer than the surface sediment at site C (Figure 
4.2,F). This contrast indicates that the fluff is atypical of "average" material accumulating at these 
sites. However, compositional differences between fluff and underlying sediment may also be due to 
physical sorting processes. Previous studies of "fluff' in the Black Sea (e.g. Pilskaln and Pike, 2001) 
for example, showed that coarse, IC-rich particulates separate from, and sink through fluff made 
buoyant by siliceous particles. Comparison of pre- and post-bloom sediments suggests that there was 
an input of coarser material at each site during the bloom (Figure 4.2), which implies that some degree 
of density-related physical separation of incoming material takes place. The coarsest sediments 
(highest percentage of grains > 250 jim) were found in post-bloom surficial horizons (0-0.5 cm) at all 
sites. The sediments became finer over the next few cm before becoming slightly coarser again with 
the exception of the glacial clay horizons at the base of site A cores. It is questionable whether these 
trends in grain size distribution are significant or outside analytical uncertainty but the fact that the 
same pattern was observed at all three sites gives weight to an apparent change in grain-size 
distribution. Surface area measurements show a general concomitant increase in SA with decreasing 
grain size (Figure 4.3, B), although the a cross-plot of mean grain size versus mineral surface area (not 
shown) reveals that there is not a linear relationship between these two parameters. Instead the 
relationship appears to be of a more negative exponential form (i.e. rapid decrease in surface area with 
increasing grain size up until mean grain size of —50 jim, followed a less steep trend or plateau) with 
site B sediments plotting where the relationship between sediment surface area and grain size "flattens 
out". This observed increase towards coarser grain sizes within the top few cm at each site, equivalent 
to ca. 1000 years of sediment input at the slow deep-sea sediment accumulation rates (sediment 
accumulation rate data discussed in Section 4.6.4), could also be evidence for particle-selective 
feeding and/or mixing processes. 
When the percentages of grains within each size class were examined for a particular sediment 
horizon, it was apparent that there was a bimodal grain-size distribution in the carbonate-rich 
sediments at site B (Figure 4.2: C, D). Fine silts (2-38 pm) formed the largest percentage of 
sediments followed by sediments within the fine sand (63-125 pm) fraction. Although it is not 
obvious from the grain-size distributions presented for sediments at sites A and C (Figure 4.2, A, B, E, 
F), these too showed a bimodal pattern of grain-size distribution with a dip in abundance at around 20 
pm. The occurrence of two peaks in grain size distribution at BENBO sites arises from the main 
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contributors to the sediments mineral phases in this region, coccolithophorids (<20 gm) and 
foraminifera (>20 gm; identified using microscopy by Dr. Kevin Black, pers. comm.). It is apparent 
from median grain-size data (Figure 4.3, A) that, at site A, foraminiferal inputs dominate the deposited 
material whereas at sites B and C the CaCO 3 content appears to result more from coccolithophorids. 
The scales of coccolithophorids grow to a maximum size of -45 pm diameter before being shed by 
the organism (Black, 1988), and it is possible that these coccoliths dominate the sediment at site B (< 
38 tm fraction). Fluff material however, was "very fme" (> 90% of grains <38 gm; Figure 4.2:1 7), 
which may seem quite surprising because the time taken for this material to reach the seafloor implies 
rapid settling velocities, and hence larger particle sizes. It should be remembered that prior to 
carrying out particle size measurements, the fluff, like other samples, underwent a disaggregation 
process. The grain size data for fluff material, therefore, may be more representative of the size 
distribution of "units" that originally contributed to more rapidly sinking aggregates. The high SA of 
this material reflects the fineness of the fluff (Figure 4.3: B). 
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Figure 4.2 Grain size distribution of BENBO sediments, a) site A, CD! 1!; b) site A, CD! 13 
(continued overleaf). 
82 
Chapter 4: Controls on Organic Matter Burial 
CD113; e) site C, CD111; 1) site C, CD113. 
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Figure 4.3 Depth profiles of sediment median grain size (A) and surface area (B) measured for 
cores collected from BENBO sites during cruises CD111 and CD111 
The grain-size distributions at the three sites indicate that sedimentation in the BENBO study area 
varies and is perhaps dominated by biological rather than hydrodynamic processes. Site C, the most 
current active site, was composed of 80% clay and fine silt whereas site A, the site expected to be the 
most quiescent, contained the coarsest material. It is possible that the coarseness of site A sediments 
was a contributing factor to the absence of a measurable BBL at this site (see Section 2.5). Downcore, 
sediment grain-size distributions appear to be subject to local biological sorting processes leading to a 
fining downwards over the upper sediment horizons. However, the greatest downcore grain-size 
differences were observed at site A, which resulted from depositional changes between the last glacial 
period where clays prevailed, and the Holocene where coarser carbonate biominerals became 
dominant. 
4.3. Sediment Organic Matter 
4.3.1. Bulk composition 
The sedimentary OM content at all three sites is low, providing the first indication that BENBO 
sediments are more typical of those found at deep-sea sites (Figure 4.4). Site A had the lowest %OC 
content, falling within the range of 0.1-0.3 %OC typical of deep-sea sediments (Prezuniic et al., 
1982). Sites B and C, as might have been predicted from their higher rates of primary production and 
shallower water depths (Suess, 1980; Calvert, 1987; Mayer et al., 1988), contained higher 
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Figure 4.4 Depth profiles of salt-corrected sediment percent organic carbon (dry weight basis) 
for the three BENBO sites A, B, and C during CD!!! (closed diamonds) and CD113 (open 
diamonds), and for fluff material (black triangle). Error bars represent the range of measured 
values about the mean (n=2-3), although in some cases they are too small to see on this scale. 
concentrations of OC. However, the organic carbon content (OC) of sediments did not generally 
correlate with water depth, as sediments collected during CD ill at site C (-1900 m) contained more 
OC than at site B (-1100 m). Sediments collected during CD1 11 have been used to make this 
comparison as they may be thought of as the more "stable" surface sediment situation, the condition 
that surface sediments at each site reach after their initial rapid response to seasonal inputs of OM 
(Gehien et al., 1997; Drazen et al., 1998). Therefore, water depth is not the primary control on the 
amount of OM accumulating in these sediments. 
The OC content of surficial sediments (0-0.5 cm) at site B increased by almost 0.2% between cruise 
CD 111 and CD 113, indicating that a deposition event as a result of a seasonal bloom, had occurred at 
this site. A slight increase in sediment OC content was also indicated at site C suggesting that this site 
too received material associated with the spring bloom between the two cruises. Surface sediment 
percent total nitrogen (TN) enrichment (Figure 4.5) was also observed on CD1 13 at sites B and C. 
However, based on OC and TN data, there was no evidence for the deposition of "fresh" material at 
site A during this inter-cruise period. It should be noted however, that measurements were conducted 
on single sediment cores and therefore lateral variations in the deposition of "fresh" material were not 
assessed. When seasonal variations in surface OC are taken into account, that is changes in values 
brought about by inputs between cruises CD 111 and CD 113, a trend of decreasing OC input with 
increasing water depth is apparent. Water-column depth therefore appears to be a more important 
determinant of the amount (Suess, 1980; Calvert, 1987) and, perhaps the quality of OM delivered (see 
Chapter 5) during the spring bloom. 
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Table 4.1 Published compositions of detrital material or "marine snow" collected from the 
sediment-water interface highlighting variations in the organic content of this material. 
Site Description 
Depth %OC %TN Reference 
(m)  
BIOTRANS Station, 47N 20°W, 
4560 2.3 - Thiel et al., 1988/1989 
Northeast Atlantic  
BIOTRANS Station, 47N 20°W, 
4500 0.88-7.85 - Lochte and Turley, 1988 
Northeast Atlantic  
Porcupine Seabight, 1008 0.85 0.095 
49-51.50N 12.5-14°W, 
Northeast Atlantic 1336 0.64 - Rice et al., 1986 
2030 0.56 0.051 
4535 1.28 0.055 
Deep-sea phytodetrital May '94 0.47-10.97 0.19-1.30 
Sept '94 2.39-9.91 0.37-1.33 aggregates, Northwest 4100 
Smith et al., 1998 
Pacific  
Porcupine Seabight, 50°N 13°W, 
4475 5.98 0.25 Billett et al., 1983 
Northeast Atlantic  
*OC determination in this study was by difference after removal of OC by ashing in contrast to 
the other references and this study where OC was removed by acid-treatment. 
Evidence of deposition at sites B and C between cruises CD 111 and CD 113 was also apparent from 
the presence of a "fluff' layer at these two sites. In general, fluff material is assumed to be organic-
rich (Lochte and Turley, 1988). This was not the case for the material collected at site C, which 
contained lower %OC and than the sediments immediately below. This phenomenon has been 
observed before in sediments collected at depths of 1360 and 2030m in the northeast Atlantic (Rice et 
al., 1986). Table 4.1, listing "fluff' layer OC and TN contents published in the literature, highlights 
how variable the OM content of fluff material can be. Smith et al. (1998) also commented on the 
diversity in colour, size and texture of phytodetrital aggregates collected. These variations are likely 
to result from a number of factors including the species distribution of organisms contributing to the 
bloom, and the type and degree of alteration that particles undergo during transit. Also, as turnover of 
fluff material is thought to be rapid (Rice et al., 1994; see Section 2.4.4), the fluff OC content will also 
likely depend on the length of time elapsed since deposition before the material is sampled. In 
addition to diversity in the form and chemical content of fluff material, variations in the response of 
the benthic community to the deposition of such material have also been observed. Drazen et al. 
(1998) found that the deposition of phytodetrital aggregates to the seafloor in the deep NE pacific led 
to sediment OC enrichment, as was observed at BENBO site C and that these inputs also gave rise to 
an increase in sediment community 02 consumption (SCOC), suggesting that the deposition event 
stimulated benthic biological activity. Although no information on the composition of the aggregates 
was provided by Drazen et al. (1998), this observed community response implies that the incoming 
material was relatively labile. Other authors, however, found that although 02 consumption was 
higher in discrete aggregates than in adjacent sediments, there was no difference between 02 
consumption in a phytodetrital floc and adjacent sediments (Smith et al., 1998). 
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Figure 45 Depth profiles of salt-corrected sediment percent total nitrogen (dry weight basis) for 
the three BENBO sites A, B, and C during CD!!! (closed diamonds) and CD113 (open 
diamonds), and for fluff material (black triangle). Error bars represent the range of measured 
values about the mean (n=2-3). 
These previously observed differences in the quality of fluff material, as indicated by different 
community oxygen consumption, coupled with differences in appearance and chemical composition, 
suggest that it is not possible to predict the bioreactivity of deposited flocculent material based on OM 
content alone. Therefore, although the fluff material collected at site C during CD!! 3 was not OC-
rich, the "significance" of this fluff layer, along with inputs of phytodetrital material to site B (and 
perhaps A), may lie in the quality of the OM delivered. The results of investigations into the quality 
or "bioreactivity" of the OM associated with the fluff layer, as indicated by a suite of biochemicals, 
are presented in Chapter Five. There it will be shown that fluff material contained greatly enhanced 
yields of labile biochemicals compared with underlying sediments even though the %OC value was 
lower. Thus, the fluff OM was of a relatively higher "quality" than OM in sediments, and potentially 
more bioreactive. 
Percent TN values, like OC, were lower in the fluff material collected at site C than in sediments 
directly below (Figure 4.5). In general, sediment TN content was low (0.03-0.14 %TN dry wt.) as is 
typical of deep-sea sites. The inter-site pattern of TN content differed slightly from that seen in %OC 
in that site C contained the most nitrogen in surface samples collected during both CD! 11 and CD! 13 
compared with maximal values at site B for %OC. This implies that there may be variations between 
the source and/or degradation state of OM delivered to sites B and C in the water column or across the 
BBL. 
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Figure 4.6 Depth profiles of organic carbon: total nitrogen atomic ratio (salt-corrected dry 
weight basis) for the three BENBO sites A, B, and C during CD111 (closed diamonds) and 
CD113 (open diamonds), and for fluff material (black triangle). Error bars represent the full 
range of possible values calculated from OC and TN precision estimates. 
Down-core sediment analyses conducted during this study yielded OC profiles that displayed a 
general "exponential-type" decrease with depth, on which, a number of subsurface peaks were 
superimposed. These results were in agreement with those of Kennedy et al. (University of Wales, 
Bangor) for other BENBO cores. Similar exponential decreases in OC have been seen in other studies 
of deep-sea sediments (e.g. Grundmaris and Murray, 1982; Emerson and Hedges, 1988; Mayer, 1993). 
Down-core TN profiles generally followed OC profiles, again displaying an apparent exponential 
decrease with depth although there was visibly more scatter in this data. Some of this scatter is likely 
to be an analytical artefact resulting from the double difficulty of precisely quantifying TN near 
detection limits in sediments where high IC levels limit permissible sample amounts (see Section 3.9). 
However, after comparison with OC depth profiles a number of common features become evident. In 
particular, a sub-surface peak is visible in both OC and TN in a sediment core collected at site C 
during CD 111. This sub-surface peak was also seen in OC analyses conducted by other BENBO 
researchers in a second core collected in the same Megacore drop at site C (Dr. H. Kennedy, pers. 
Comm). This may provide an initial indicator for the transfer of labile OM to depth in the sediments 
through the bioturbative activity of benthic organisms. These elevated OC and TN concentrations 
could also result from heightened OM fluxes for a period of several hundred years (see below for full 
discussion of sediment accumulation rates), as higher rates of OM delivery to the seafloor are known 
generally to result in higher sediment OC and TN contents (e.g. Henrichs and Reeburgh, 1987; 
Murray and Kuilvila, 1990). Insight as to whether this peak is due to bioturbation may be gained from 
the compositional characteristics indicative of OM "freshness". Biochemical investigations carried 
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out to assess whether these subsurface peaks resulted from bioturbation or a variation in flux, 
discussed in Chapters 5 and 6, appear to indicate that this peak results from biological transfer of 
labile material to depth. 
As the sediment OC profiles are exponential with depth, an apparent asymptotic OC content is 
approached downcore. This has been previously interpreted to be the "refractory background" OC 
concentration, i.e. the unreactive OC component that remains after all the degradable OC had been 
removed (e.g. Grundmaris and Murray, 1982; Mayer, 1993). It should be stressed, however, that 
what this "refractory" component represents remains unclear. Is this OM intrinsically unreactive or is 
it intrinsically labile OM that is rendered unreactive by some physical or other protective mechanism 
associated with the burial environment? In BENBO sediments, site C had the highest OC content at 
depth, and site A the lowest. This pattern of OC concentration at depth (C > B > A) further dispels the 
notion that water depth is a primary control on OM burial in this region. Enhanced sorptive 
preservation of OC in the fine grained, high SA site C sediment could be invoked as a possible cause 
of these inter-site variations. The low OC: SA in the glacial clays at the base of site A cores which 
suggested that little sorptive preservation occurred at this site, may result from prolonged exposure to 
degradative forces such as was suggested for clays incorporated in fluff material. The highly 
degraded nature of the OM associated with the glacial clays at site A was confirmed by biochemical 
analyses (see Chapter 5; e.g. Figure 5.8). 
In summary, OC concentrations are similar to those observed in the deep sea, and although water 
depth appears to influence seasonal increases in surficial OC concentrations, it does not appear to be a 
critical factor governing sediment OC values of either surficial or deeply buried horizons. A fluff 
layer sampled during CD 113 at site C was not OM-rich on a weight-percent basis. 
4.3.2. Sediment OM sources 
The atomic OC: TN ratios at all BENBO sites were broadly similar and are consistent with OM of 
primarily marine origin, being comparable to the (OC/TN) a ratio of fresh phytoplankton (6-8; Libes, 
1992). However, in view of the low OC and TN content of these sediments and the depth of the water 
column above them, it is unlikely that the OM has not been subject to some degree of degradation. As 
fresh OM becomes degraded, the (OCITN) a ratio has generally been shown to increase due to 
preferential assimilation by organisms of nitrogen-rich compounds (e.g. Suess and MUller, 1980). 
With time however, the nitrogenous compounds may become depleted and utilisation of more carbon-
rich portions of the organic matter may occur causing the (OC/TN) a to decrease again. Alternatively, 
decreasing downcore (OC/TN) a values may result if organic N (ON) and OC mineralisation proceed 
together at a similar rate are accompanied by the incorporation of inorganic N (IN) into the sediment 
(MUller and Suess, 1979). It is stressed that the C/N ratio presented here uses a total nitrogen value 
that includes both ON and IN. Evidence of a downcore (OC/TN) a decrease caused by sorption of 
•44 to the mineral phase was found across the oxidation front of the relict-f turbidite in the Madeira 
Abyssal Plain (Figure 1.9; Cowie et al., 1995). Across the oxidation front in this turbidite (OC/TN) a 
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Figure 4.7 Plot of carbon isotope against lignin content for surface 0-1 cm horizons at BENBO 
sites for sediments collected during CD111 and CD113. Data from Washington Margin 
published by Prahl et al. (1994) is displayed for comparison. The line represents a mixing line 
between terrestrial and marine endmembers. 
dropped from 11-12 in the unoxidized horizon to 4-6 in the oxidized horizon, as a combined result of 
utilisation of C and N in a ratio of -10 (determined from the slope of OC versus TN plot), and the 
preferential preservation of inert IN. The similarly low (OC/TN) a ratios in BENBO sediments also 
appear to reflect extended alteration rather than the presence of fresh protein. The presence of IN in 
BENBO sediments was indicated by positive intercepts on x-y plots of TN versus OC of 0.035, 0.009, 
and 0.028 %TN for sites A, B and C, respectively (data not shown). These plots were also used to 
determine the (OCIN) a values of OM being remineralised in BENBO sediments and yielded ratios of 
-17.3, 7.3 and 8.6 for sites A, B and C, respectively. The high %TN intercept at site A, along with the 
high (OC/N)a value of remineralised OM, relative to sites B and C, were almost certainly caused by 
the higher degree of scatter and poorer analytical reproducibility of OC and, particularly, TN at this 
site. Nonetheless, it appears that the remineralisation of OM with a (OC/TN) a similar to surficial 
sediments (Figure 4.6), along with incorporation of IN with increasing sediment depth led to the 
observed downcore (OC/TN) a decreases. 
As it is not possible to determine OM sources with any certainty based on C/N ratios alone because of 
diagenetic effects, two other parameters within the OM have been measured to reduce the ambiguity 
regarding the source of OM to the sediments in this region. Sediment stable carbon isotopic 
compositions have been used as a further indicator of OM origin, along with the yield of lignin 
phenols. Most terrestrial plants have 513CO,g  values of-28 to -259,00 compared with 8 13Corg values of-
22 to -1 9%o for temperate marine phytoplankton, due to variations in the isotopic composition of the 
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Figure 4.8 Expansion of Figure 4.7 showing plot of carbon isotope against lignin content for 
surface 0-1 cm horizons at BENBO sites for sediments collected during CD111 and CD113. 
Data from Washington Margin published by Prahi et at. (1994) is displayed for comparison. 
pool from which IC is assimilated (Hedges et al., 1997). However, similar to (OC/ TN) a ratios, stable 
carbon ratios are not without ambiguity. A number of biological and environmental factors (e.g. 
temperature, nutrient levels, productivity; Druffel and Williams, 1992) lead to variations in algal 
13Corg values. To further verify the inferred marine OM source, 8 13Corg measurements were 
coupledwith analyses of lignin phenols that originate in terrestrial environments, produced as 
structural components of vascular plants (Hedges et al., 1997). The yield of total lignin phenols (OM-
normalised) can be plotted against 513C0,9  values to give a mixing line between marine (heavy 5 13Corg, 
zero lignin) and terrestrial (light 5 13Corg, higher lignin) endmembers. This approach was developed by 
Hedges and Mann (1979) and used more recently by Prahl et al. (1994) on Washington Margin 
sediments. Prahi et al.'s (1994) data set from the Washington Margin, with additional BENBO 
surface sediment data is plotted in Figure 4.7. The lignin yields in the top 0-1 cm surface sediment 
horizon at all BENBO sites were extremely low nearing detection limits, suggesting that contributions 
of terrestrial OM to the total OM pool are very minor in this region. Comparison with 813C0,9  values 
and Washington Margin data confirm this. The Washington Margin samples contained greatly 
elevated lignin concentrations compared to BENBO sediments, probably as a result of direct inputs to 
this margin site from a major river, the Columbia. There is no such river carrying terrestrial OM to 
the ocean in the BENBO study area. The BENBO samples however, appear to have a different 
marine end-member than that presented for the Washington Margin (i.e. different 5 13Corg values 
corresponding with zero lignin concentrations). Within BENBO surface sediments (Figure 4.8) there 
is no systematic inter-site variation in lignin yield or pattern with 8 13COr8 values. However, at sites A 
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and B lignin yields increased between cruise CD 111 and CDI 13 which is perhaps slightly surprising 
as lignin contributions to the OC pool are typically associated with increased winter fluxes of 
terrestrial material during periods when autochthonous inputs are limited (Hedges et al., 1988). 
Interpretations should however, be treated with caution as lignin concentrations in these samples are 
close to detection limits. 
Also at site B, the trend of increasing 13C05 (more ' 3C) and increasing lignin content between CD1 11 
and CD 113 is opposite to what would be expected i.e. that decreasing lignin yields co-vary with 
increasing 13C05 as illustrated by the mixing line of negative gradient in Figure 4.7. It is noticeable 
that there were large variations in 6 13COTg between different samples. This may be due to a 
combination of factors including different source organisms, different pools of dissolved inorganic 
carbon being utilised during photosynthesis, and variations in nutrient status. In Chapter 5, variations 
in 13C due to OM degradation are discussed in more detail and it will be shown that it is likely a 
combination of the above mentioned factors that lead to variations in 5 13COTg . 
Therefore, it appears that OM is essentially all of marine origin in BENBO sediments and that 
sediment lignin yields and 6 13C0r9 are uncoupled at these sites. Variations in 8 13C0r9 are thus, likely to 
result from differences in algal sources and! or OM diagenetic effects. Atomic (OC/TN) were also 
consistent with a marine source but they also appear to reflect the incorporation of IN species in 
deeper sediment horizons. The distribution of individual lignin phenols within the lignin pool can be 
used as an indicator of the vegetation type and degradation-state of the terrestrial OM. This has been 
examined in Chapter 5 where the degradation state of OM in the BENBO sites is addressed and shows 
that terrestrial OM appears to have been altered by degradation processes. 
4.4. Organic Carbon and Sediment Surface Area 
A strong positive correlation has been shown to exist between the amount of OC ultimately preserved 
and sediment mineral SA in most continental margin sediments, falling within a narrowly defined 
loading range of 0.5-1.1 mg OC m 2 (Mayer, 1994b; Keil et al., 1994a,b). This relationship is 
extensive, encompassing margin sediments distributed throughout the worlds oceans. Furthermore, 
the OC appears to be sorbed to mineral surfaces as the large majority of sedimentary OM cannot 
typically be separated from mineral grains using density-fractionation procedures (Mayer et al., 1988; 
Keil et al., 1994b). In continental margin surficial sediments, the organic carbon: surface area (OC: 
SA) ratio is often higher than this defined range (Mayer, 1 994a,b). It is through degradative OC loss 
downcore that a "background" OC content is generated. This background value is often referred to as 
the "refractory background" and, similar to bulk OC (see previous discussion), the constancy of OC: 
SA loading suggests a resistance to alteration processes. It has been hypothesised that this association 
of OM with mineral surfaces stabilises OM and that sorbed OM is protected within mesopores < 8 pm 
in diameter on grain surfaces (Mayer, 1994a). 
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Figure 4.9 Depth profiles of sediment OC content (salt-corrected dry wt.) normalised to salt-free 
mineral surface area for the three BENBO sites A, B, and C during CD! 11 (closed diamonds) 
and CD! 13 (open diamonds) and for fluff material (black triangle). The striped area indicates 
the zone of "continental margin loadings" equivalent to 0.5-1.1 mg OC m 2 surface area (Mayer, 
1994a,b; Keil et al., 1994a,b). Error bars denote the full range of values calculated from OC 
and SA reproducibility estimates presented in Chapter Three. 
Although amounts of SA-normalised "background" OC fall within a narrowly defined range in 
continental margin sediments, this relationship fails in the deep sea, where OC: SA ratios are much 
lower even in surface sediments. Increased exposure to sedimentary 02 has been proposed to be the 
reason for the breakdown in this relation, with sorptive preservation of OC being overcome by oxic 
degradation somewhere on the lower continental slope (Hedges and Keil, 1995). These authors 
suggested that slower sediment accumulation rates, coupled with reduced inputs of OM caused by 
greater water column depth and thus enhanced degradation during sinking, enable oxygen to diffuse to 
greater depths in sediments. This extends the length of time that deposited OM is exposed to oxygen 
and it is thought that this prolonged exposure brings about more extensive degradation. In the 
following sections the organic contents and SA of BENBO sediments are considered in this context. 
4.4.1. OC: SA Loading Range of Mineral Surfaces 
When the OC contents of BENBO sediments are normalised to mineral SA, loadings fall below the 
range typically observed in continental margin sediments i.e. <0.5 mg OC m 2 in all samples except 
the surface sediment horizon sampled during CD1 13 at site B (Figure 4.9). These low loadings 
confirm that the sediments at these sites are more typical of those found in the deep sea. The general 
pattern of inter-site OC variation differs when OC is normalised to sediment SA. Site A again 
produces the lowest yields both in surface sediments and in background values but, normalised to SA, 
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Site B has higher OC loadings than site C. This is driven by differences in mineralogy between the 
two sites, with the finer sediments at site C having a much higher SA than the coarser sediments at 
site B (Figures 4.2 and 4.3). As the OC: SA ratio of surface sediments appear to be already below the 
range of continental margin loadings most of the time (assuming CD1I 1 sediments to be the "stable" 
non-seasonal condition) it has not been possible to identify where the transition zone from 
"continental margin" to "deep sea" OC: SA loadings occurs (see discussion above and Figure 1.8). 
This is perhaps surprising considering the relatively shallow depth of the water column at site B. In a 
synthesis of the OC: SA ratios of sediments from deeper sites by Mayer (1994b), transitions to 
loadings <0.5 mg C m 2 seemingly occur at depths much greater (approx. 1900-3500m) than the depth 
of site B. It should be remembered however, that the BENBO sites do not represent a simple transect 
offshore that typically display progressively increasing water depths. 
The variation in OC: SA ratios in surface sediments at site B suggests that input of material as a result 
of a spring phytoplankton bloom consists of material with a SA normalised OC content within the 
continental margin loading (CML) range. This is the first time that such a seasonal variation in OC: 
SA ratio has been observed. The fluff material collected at site C, however, had a lower OC: SA than 
the sediments immediately below. This is the first time that SA measurements have been made on 
phytodetrital material and the resulting OC: SA measurements are surprisingly low. The high SA of 
the sample drives this. The OC: SA ratio of fluff material was below the CML range suggesting, as 
bulk OC and TN content did, that this material has undergone some degree of degradation. However, 
phytodetrital material is known to have high sinking rates, often in excess of lOOm d' (e.g. Lampitt, 
1985), so this material is likely to be relatively fresh. It is perhaps more likely that the low OC: SA is 
caused by the dilution of the depositing phytodetrital aggregates by clay minerals. This would explain 
the relatively low OC content of the fluff and its high SA, together yielding a low OC: SA and is 
supported by grain-size data (Figure 4.2,F) indicating a higher proportion of fine silt and clay-sized 
grains in fluff material. The presence of a substantial BBL/ BNL at site C during CD 113 (Section 
2.4.3; Figure 2.6) clearly demonstrates the bottom water at site C to be a potential source for these 
clay minerals associated with the phytodetritus. Clay minerals are known to aggregate around organic 
detritus (Alldredge and Silver, 1988) and organic particles have been shown to scavenge clastic grains 
from within the water column (McCave, 1984). Microscopic inspection of the fluff material 
confirmed that it contained high proportions of clay minerals. Alternatively, the low-density material 
collected at the sediment-water interface may represent a relatively low-OC fraction of material 
deposited as a result of the spring bloom at site C with more dense particles (e.g. faecal pellets) of 
higher OC: SA ratio settling through this flocculent OC-poor material to be incorporated into the 
surficial 0-0.5 cm horizon. 
In a similar manner to OC profiles, a clear exponential decrease in OC: SA is apparent at all three sites 
when OC: SA ratios are examined downcore. However, it appears that when OC concentrations are 
considered in terms of available sediment SA, background values are approached closer to the 
interface and the degree of downcore decay is more substantial than when profiles of %OC are used. 
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These downcore decreases in OC: SA are primarily driven by changes in sediment OC content. This 
is easily recognised at site C where sediment SA is relatively constant downcore (Figure 4.3). 
However, SA values at site B increase over the top 3-4 cm, perhaps as a result of particle size-
selective feeding processes (e.g. Self and Jumars, 1986) or CaCO 3 dissolution (e.g. Jahnke et al., 
1986). Therefore, even if there were no change in sediment OC with depth, OC: SA would still 
decrease downcore over this depth range. In sediments collected during CD 111, material in the 34 
cm horizon (the depth of SA maximum) had an OC: SA = 0.26 mg OC m 2, a drop of —0.18 mg OC m -
2 	the value measured in the surface horizon at this time. In order to confirm that this variation 
between OC: SA at the sediment-water interface and at 3-4 cm at site B was driven by changes in OC, 
I have calculated what the OC: SA would be, firstly, if no downcore SA increase had occurred (OC: 
SA= 0.34 mg OC m 2) and secondly, if no downcore OC change had occurred (OC: SA = 0.39 mg OC 
M7 
2).  Clearly, the downcore decrease in %OC was the primary factor in the fall in OC: SA. A similar 
conclusion as to the dominance of OC variations on OC: SA is reached if the pre- and post-bloom 
surficial sediments at site B are examined. Although there is a slight drop in sediment SA between 
CD  11 and CD1 13, this drop is not the cause of the observed increase in OC: SA ratio. Even if there 
had been no change in SA the degree of OM enrichment was such that these surficial sediments would 
still have fallen within the CML range (i.e. OC: SA = 0.54 mg OC m 2). Therefore, it can be 
concluded that OC: SA ratios are controlled by degradation. 
At site A, a similar pattern of increasing SA over the top sediment horizons is also seen (Figure 4.3b). 
Within each core, however, SA values are relatively constant between 1.0-1.5 and 1.5-2.0 cm but OC: 
SA ratios change "significantly". It appears at this site too that OC degradation processes in the 
carbonate-rich horizons at site A dominate changes in OC: SA ratios with depth. In the glacial clays 
below, however, SA appears to be the controlling factor. The %OC content of site A sediments does 
not change passing from the Holocene oozes to the glacial clays. It is the dramatic increase in SA 
across the Holocene/ glacial clay boundary that leads to a the drop in OC: SA ratios at the base of site 
A cores. Samples subject to the same degree of alteration would be expected to display similar OC: 
SA loadings whatever their grain-size if degradation is indeed the universal factor controlling OC: SA 
ratios as surmised above for this region, which would result in clay-fractions having a higher %OC 
content than coarser material. The absence of higher %OC in the glacial clays at site A, suggests that 
this material has undergone a considerable amount of reworking prior to deposition and this is 
reflected in the low OC: SA ratio. On the Washington Margin, clays were found to have an OC: SA 
loading in the range typical of continental margins (i.e. 0.5-1.1 mg OC m 2 ; Keil et al., 1994b). This 
margin is also characterised by low bottom water 02 concentrations, and the maintenance of such 
conditions suggests that current activity, and hence sediment reworking, is lower than in the BENBO 
region. The contrasting OC: SA ratio of clay fractions on these two margins, therefore, appears to be 
determined by their degradation history. 
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4.4.2. Adsorption or hydrodynamic equivalence? 
A number of studies have found that the large majority of OM in sediments cannot be separated from 
mineral grains (Mayer et al., 1988; Keil et al., 1994a; Ertel and Hedges, 1985) implying that it is 
sorbed to mineral surfaces. If the relationship between OC and mineral SA resulted from 
hydrodynamic equivalence, rather than sorption, then finer grained sediments would be expected to 
contain distinct low-density organic particles that behaved hydrodynamically similarly to smaller, 
higher-density clastic grains. A similar method of density fractionation to that used in previous 
studies, was attempted on BENBO sediments to investigate whether hydrodynamic-equivalence could 
account for the observed inter-site variations in OC: SA loadings. 
Experiments showed that density separations conducted on approximately 1 g of sediments (amount 
limited by sample availability) yielded an indistinguishable amount of low-density material, 
insufficient for OC analysis on (i.e.<< 10 mg). This was significantly lower than the 10-30 mg of 
distinct debris per g sediment that Mayer et al. (1993) obtained in separations conducted on Gulf of 
Maine sediments. In his study, this author found that the amount of separable low-density material 
decreased with increasing water depth. It is therefore perhaps not surprising that the BENBO 
sediments, below relatively long water columns, contained such a small amount of distinct debris. 
Mayer (1993) also found that the low-density material did not consist entirely of OM and that even in 
the shallowest sites where this material was least degraded, OM accounted for < 20% by weight. In 
view of the small amounts of separable low-density material within BENBO sediments (a few 
fragments) and the findings of Mayer et al. (1993), it seems highly unlikely that a significant 
proportion of OM is present as distinct organic debris in these sediments. Most OM in BENBO 
sediments appears to be sorbed to mineral grains and, although winnowing may be important with 
regard to the transport of OM associated with clastic material in some cases (Calvert and Pederson, 
1992), it does not seem to directly account for the pattern of OM distribution in the BENBO study 
region. 
4.5. Summary of OC: SA, site characterisation and seasonality 
Based on the information discussed so far it is possible to make an initial summary of conditions at 
the BENBO sites. Sediment OC contents, both as a percentage of sediment dry weight and on a SA 
normalised basis, suggest that all three sites are more typical of those found in the deep sea. There 
are, nevertheless, apparent differences between the sites when considered both on spatial and temporal 
scales, which are highlighted by surface sediment parameters (Table 4.2). It should be noted, 
however, that the data for individual sites is based on single cores from each cruise and it is therefore 
not possible to assess the degree to which intra-site heterogeneity might have skewed the data set. 
Potential variations within sites have been borne in mind for this summary. 
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Table 4.2 Table summarising inter-site variations in seasonality at BENBO sites. Data is 
presented for surface sediments (0-0.5 cm) at sites A, B, and C, and for fluff material collected at 
site C. 
Site A Site B Site C- sed. Site C-fluff 
Water Depth (m) 3600 1100 1920 1920 
Surface% Organic CD111 0.39 0.56 0.66 N/A 
Carbon CD1I3 0.40 0.73 0.72 0.50 
Organic Carbon: CD1 11 0.28 0.48 0.27 N/A 
Surface Area, 
OC:SA (mg m 2) CD113 0.28 0.67 0.28 0.15 
CD111 8.48 8.97 16.38 N/A 
% clay 
CD113 10.51 7.92 11.86 10.33 
CD111 13.93 11.56 24.14 N/A 
Surface area (m2 g') 
CD113 14.37 10.88 25.76 31.07 
Site A sediments are the most organic-poor and were not subject to a significant seasonal input of OM 
between cruises CD1 11 and CD1 13, although it is possible that delivery of OM associated with the 
spring bloom may have already occurred prior to CD! 11 at this site. In contrast, large seasonal 
increases in %OC were observed at site C and, particularly, site B, although sampled phytodetrital 
material at site C was not OC-rich on a weight percent basis. It is suggested that the OC-poor status 
of the fluff material results from the dilution of phytodetritus with heavily reworked clay minerals (i.e. 
clays with an extensive "redox-history" scavenged from the BBL/ BNL), accounting for its low OC 
content (weight %), high SA, and low OC: SA ratio. 
The only site to display a clear post-bloom increase in OC content of surficial sediments when 
normalised to SA was site B. This was the only site where mineral SA decreased in surface sediment 
horizons between cruises although it was the increase in OC content that was the dominant factor 
causing the increase in OC: SA between cruises (see Section 4.4.1). The OC: SA ratios of sediments 
at site A and C did not change between cruises. Measured SA's of surficial sediments increased 
between CD 111 and CD 113 at these two sites, and at site C this SA increase was responsible for a 
lack of significant change in OC: SA between cruises. Sites B and C appear to receive coarser material 
as a result of spring deposition events whereas the material delivered to site A renders the sediments 
finer. In general, there seem to be intrinsic variations in the surface roughness of sediments at each 
site as quite different SA's were measured in sediments with relatively similar clay contents. This 
suggests that the relationship between sediment SA, and grain-size distribution is complex and that 
SA estimates based on grain-size data alone, should be treated with caution. The apparent lower 
degree of surface roughness in site B sediments may be associated with the particular form of CaCO 3 
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present. Mayer (1 994b) also found that carbonate sediments had a lower degree of surface roughness 
and a lower fraction of their SA was associated with mesopores (2-8 nm). 
In summary, in addition to observed contrasts in the OC-content of material accumulating in surficial 
sediments there is also evidence of other variations in the characteristics of incoming material to each 
site. It has been hypothesised by Mayer (1993, 1 994a,b) that one mechanism by which sorbed OM 
might be preserved is by protection from bacterial exoenzymes through sorption within pores < 10 nm 
wide on grain surfaces. Inter-site variations in surface roughness may therefore be significant when 
considering the factors controlling the amount of OM ultimately preserved in these sediments. The 
elevated proportion of SA conceivably within pores at site C compared to site B, may play an 
important role in determining the elevated background OC content of sediments at depth at site C. 
4.6. OM burial in the context of sedimentary environment 
4.6.1. Introduction 
OM is primarily associated with mineral surfaces in BENBO sediments. Loadings are below CML 
both at "background levels" and at the sediment-water interface. "Background levels" represent the 
approximate amounts of OC that ultimately become buried over time and are thus, significant in terms 
of global biogeochemical cycles. Differences in water depth are clearly not controlling the OM 
content of BENBO sediments. Sediments buried at site C have the highest asymptotic OC content, 
followed by sediments at site B with site A sediments at depth being the most organic-poor (Table 
4.3). In the following section these patterns of OM burial are considered in terms of other factors that 
are likely to influence OM preservation and burial. The factors considered are the number and 
activity of bacteria, important degraders of sedimentary OM, bioturbation, reflecting the burrowing 
and feeding activity of larger benthic organisms, sediment accumulation rate, which should determine 
the length of time that deposited material is exposed to bacterial and larger faunal activity, and oxygen 
exposure, which as the main electron acceptor used for OM mineralisation in the deep sea (e.g. 
Bender and Heggie, 1984) is hypothesised to influence OM preservation (Hedges and Keil, 1995). 
Summaries of possible determinants investigated are given in Table 4.3 and are discussed in turn 
below. 
4.6.2. Bacterial numbers and activity 
As the primary, but not only, degraders of OM in marine sediments (Deming and Baross, 1993), the 
degree to which OM is exposed to bacterial processes would be expected to play a significant role in 
governing the amount of OM ultimately preserved in sediments. 
Turley and Dixon (Plymouth Marine Laboratory) conducted research into microbial processes at 
BENBO sites and their work included assessments of bacterial numbers and activity. They measured 
bacterial abundance and activity in surface sediments (0-1 cm) at BENBO sites during cruises CD 111 
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(May '98) and CD 113 (July '98; Figure 4.10). These authors also participated in the preliminary 
BENBO survey cruise CD 107 in August '97 and the results from that cruise are also presented in 
Figure 4.10. 
Bacterial activity and bacterial numbers are highest at the sediment-water interface (Craven et al., 
1986; Deming and Baross, 1993) so comparisons of these parameters between sites might be expected 
to provide indications of differences in OM cycling and the amount of OM ultimately preserved. 
Table 4.3 Assessments of OM burial and parameters that may influence the degree to which 
OM is preserved in BENBO sediments. Descriptions of parameters and how they were derived 
are detailed in the text. 'Bacterial numbers for 0-1cm horizon averaged from CD111 and 
CD113. #Bacterial  activity in 0-1 cm horizon quantified as rate of DNA synthesis measured by 
bacterial (3H}-thymidine incorporation rates. SDixon  and Turley (2000); *Thompson  et al. 
(2000); #Black  et al. (in press). 
Site A Site B Site C 
Water Depth (m) 3600 1100 1920 
Primary production low higher higher 
Average surface OC concentration (mglg) —3.9±0.05 —6.4±0.8 —6.9±0.3 
Average surface OC:SA (mg m) 0.28 0.57 0.27 
"Background" OC (mglg) —2.1±0.4 —3.9±0.5 —4.9±0.5 
"Background" OC:SA (mg m7 2) 0.06±0.02 0.27±0.02 0.2±0.01 
% OC decrease between surface and "background" —50% —40% —30% 
% OC:SA decrease between surface and "background" —80% —50% —30% 
Bacterial numbers', cruise averages (cells g' dry wt.) $ 2.66 x 108 6.05 x 108 7.52 x 108 
Bacterial activity, cruise averages (pmollhr/g) $ 0.04 0.59 0.78 
Mixed layer depth, 14C based (cm) 8.5-12.5 17.4 14.4 
Mixed layer depth, 210Pbexss based (cm) 7-10 8 ND 
Bioturbation mixing coefficient, D (cm 2 yr') 0.045 0.088 ND 
Total number of organisms (m7 2) 2200± 600 29000 ±6000 10000 ±3000 
Total wet weight biomass (gm 2) 0.51±0.16 12.9±8.6 2.4± 1.0 
Sediment accumulation rate (cm kyf'.) 2.1 4.4 6.5 
Total sediment accumulation flux (g cm2kyri)* 1.5 $ 3.1 4.5 
Oxygen penetration depth (cm)# 8.0 2.1 2. 	 estirmted  
Oxygen Exposure Time (years) 4000 500 300 
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Figure 4.10 Variation in a) 13H1-thymidine incorporation rates and b) bacterial numbers 
between BENBO sites (0-1 cm) sampled during cruises CD111 (May 1 98) and CD113 (July'98) 
and during the preliminary survey cruise in August 1 97. From Dixon and Turley (2000). 
However, this is an oversimplification as previous studies have shown that bacterial activity appears 
to correlate most strongly with the flux of OC to the sediment surface and to a lesser extent with 
sediment OC content (Deming and Baross, 1993) and may not therefore be expected to directly relate 
to the amount and proportion of OC ultimately preserved in sediments. Nevertheless, studies of 
bacterial processes in the deep sea are relatively limited and measures of bacterial abundance and 
activity have not been examined in terms of organic-mineral interactions, which are known to 
influence the remineralisation of OM (Mayer, 1994a; Keil et al., 1994a). 
Variations in bacterial numbers showed a greater degree of temporal variation than that exhibited 
between site sites (Figure 4.1 Ob). Overall, there seemed to be no clear relationship between bacterial 
numbers and the expected timing of phytodetrital inputs. The highest numbers were counted in site B 
surficial sediments during CD  11, which was surprising, as this was not thought to be a time when 
significant inputs of fresh OM were being delivered to this site, and, therefore, highest numbers did 
not coincide with the presence of a substantial fluff layer at the site C sediment-water interface during 
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CD 107 and CD! 13. Also, during July 1998, site B, which had just received the OM inputs that 
resulted in the greatest seasonal %OC enrichment, surficial sediments contained fewer bacteria than 
the organic-poor site A. Integrating the seasonal counts suggests that bacterial numbers were greatest 
at site C, followed by site B and then site A. It is noticeable that there is far less inter-site variation in 
bacterial numbers than activity (Figure 4.1Oa). 
The highest bacterial activities, measured as the rate of DNA synthesis (as indicated by bacterial [311-
thymidine incorporation), showed similar temporal trends at all three sites. Seasonally, the highest 
bacterial activities were measured in summer, during the survey cruise in August 1997 and in July 
1998. The highest overall activities in surficial sediments were measured at site C in August 1997 and 
in May 1998. During these two periods, a layer of phytodetritus was present at the sediment water-
interface at site C (this study; Dixon and Turley, 2000) which appeared to be the stimulus for this 
enhanced activity. Bacterial activity in the phytodetrital material itself was found to be 6 times higher 
than in underlying sediments (Dixon and Turley, 2000). The temporal variations in bacterial activity 
are consistent between sites (CD 107 > CD!! 3 > CD! 11) and appear to reflect seasonality in OM 
inputs much better than bacterial numbers. 
Bacterial activity was lowest at site A but this site also had the lowest OC content. Bacterial 
abundance and activity are not related to water depth; they are not subject to systematic pressure and 
temperature effects (Deming and Baross, 1993; Dixon and Turley, 2001) so it is not the case that 
bacteria in the deepest site, A, would be expected intrinsically to be present in the fewest numbers and 
have the lowest activity. It therefore appears that, the low bacterial activity at this site is more 
representative of the low OM input, and does not signify an elevated potential for OM to escape 
bacterial degradation. At site A, -50% of OC (weight percent) and -80% of SA normalised OC was 
remineralised between surface sediments and "background levels" (Table 4.3). Therefore, although 
this site has generally the lowest activity, the overall activity that the small amount of OM present is 
exposed to is sufficient to bring about considerable in situ OM decay. 
A similar pattern is evident for the relationship between bacterial activity and "background OC" at the 
other two BENBO sites. Incoming material, as indicated by the presence of a large phytodetrital 
layer, seemed greatest at site C and this material is exposed to the greatest degree of bacterial activity 
at the sediment surface. However, this site also has the greatest percentage of OC ultimately 
preserved both on weight percent and SA normalised basis. Site B also received a significant seasonal 
enrichment of OC and has elevated bacterial activity compared to site A. The bacterial activity at site 
B, however, is lower than at site C suggesting that the incoming material does not provide as great a 
stimulus to bacteria as the material deposited at site C. This may be an indication of differences in the 
quality of OM delivered to the two sites as both the quantity and the composition of OM influence 
benthic productivity (Henrichs, 1992 and references therein). Alternatively, the differences between 
bacterial activity at sites B and C could reflect variations in the timing of the bloom delivery at each 
site. These estimates of bacterial activity represent "snapshots" covering a short time frame, and 
bacteria are known to rapidly respond to input of phytodetritus (Lochte and Turley, 1988). Therefore, 
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we could be observing the period of peak bacterial activity at site C, whereas at site B where lower 
amounts of phytodetritus were found, the peak response/ activity period may have already passed. 
Ultimately a greater proportion of sediment OC (weight % and SA normalised) is remineralised in situ 
at site B compared to site C. 
Overall, there is a positive relationship between the amount of bacterial activity in surface sediments 
and the amount of OC present at depth which is perhaps contrary to what might initially have been 
expected based on the notion that bacteria are the primary degraders of OM. On the other hand, as 
Hedges and Keil (1995) pointed out, most sedimentary OM is remineralised so the highest bacterial 
activity would be expected where OC concentrations were highest. Hedges and Keil (1995) used this 
argument to explain observed correlations between OC input and sediment mineralisation rates 
(Henrichs and Reeburgh, 1987; Henrichs, 1992, 1993; Canfield, 1993). 
4.6.3. Bioturbation and Macrofaunal Abundance 
Bioturbative activities of benthic infauna, largely the result of action by deposit feeders (Jumars et al., 
1990), either as a result of burrowing or feeding activities, bring about the vertical and horizontal 
transfer of sedimentary material. This has been described schematically in terms of transitions 
between discrete sediment layers by Boudreau and Imboden (1987; Figure 4.11). Bioturbation is 
usually modelled mathematically as a diffusive process (Guinasso and Schink, 1975; Berner, 1980; 
Boudreau, 1986a,b) and is characterised by two parameters, the bioturbation mixing coefficient, DB, 
which is also known as the intensity coefficient, and the depth over which mixing occurs, the surface 
mixed layer (SML), which is also referred to as the mixed layer depth (MLD: Boudreau, 1998 and 
references therein). In order for this diffusive analogy to be accurate, bioturbation must result in the 
transfer of material across the boundaries of adjacent sediment layers (see Figure 4.11). D 8 usually 
varies with sediment accumulation rate and this has been attributed to a decreasing food supply with 
increasing water depth. Fresh OM is the main driving force for bioturbation (Smith et al., 1993; 
Boudreau, 1998). The MLD, however, appears to be independent of water depth with a worldwide 
mean of 9.8 ± 4.5 (1 S.D.) cm (Boudreau, 1998). Irrigation is not believed to be important at abyssal 
depths (Jahnke, 1990) and, as the BENBO sites appear to be more typical of deep sea sites, it seems 
reasonable to assume that irrigation is not a critical factor in the degradation of OM in the BENBO 
region. The validity of this assumption is supported by results presented by Soetaert et al. (1996), 
who concluded that irrigation was not important on the Goban Spur, a region just to the south of the 
BENBO study area. Where the bioturbative activities of organisms result in the transition of material 
between non-adjacent layers then "non-local" mixing processes are invoked. Boudreau and Imboden 
(1987) suggest a scenario of a large burrowing animal ingesting material at the sediment surface and 
egesting it at a depth some distance below the sediment surface. 
Thompson et al. (2000) modelled profiles of excess 210Pb and 14C to obtain estimates for the MLD and 
bioturbation mixing coefficient, DB, at each BENBO site. These different radionuclides with different 
half-lives were used to examine processes on a variety of timescales. Profiles of 14C (T=5658 years) 
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Figure 4.11 Schematic of bioturbative processes presented by Boudreau and Imboden (1987). 
Material is delivered to the sediment-water interface and is then buried downwards in the 
absence of bioturbation at a rate, w, the sediment accumulation rate. The bioturbative activity 
of benthic organisms is superimposed on this. The transfer of material between adjacent layers 
(i.e. E 12 , E219 E23, and E32) can be modelled as a diffusive process whereas the transfer of 
material between non-adjacent layers (i.e. E 13, E30 cannot. 
provided indications of mixing on long timescales whereas 210Pbexcess profiles (T=22.3 years, hence 
detectable for— 100 years) were used to determine mixing over shorter periods. Carbon-14 profiles 
can also be used to calculate sediment accumulation rates at sites with slow accumulation such as at 
BENBO sites, where 210Pb is precluded (see Section 4.6.3). The depth of constant 14C concentrations, 
indicating the depth of the MLD, was clearly distinguishable at sites B and C. These profiles yielded 
MLD's of 17.4 and 14.4 cm at sites B and C, respectively (Table 4.3; Thompson et al., 2000), which 
were unusually deep relative to Boudreau's estimate of world-mean mixed MLD. At site A it was not 
possible to accurately determine the MLD from the 14C profile because of the presence of an erosional 
event at the boundary between Holocene CaCO 3-rich sediments and glacial clays (see Section 4.6.3). 
However, a MLD range of 8.5-12.5 cm was estimated for this site (Table 4.3; Thompson et al., 2000) 
by constructing a mixing model of pre- and post-erosion event material (Holocene ooze and glacial 
clay, respectively), on the basis of their measured CaCO 3 content. This allowed the radiocarbon-age 
(' 4C-age) of the post-erosion event material, to then be determined by subtracting the ' 4C-age due to 
pre-erosion event material (glacial clays) from the measured ' 4C-age of material sampled at various 
depth horizons in the upper (post-erosion event) part of the core. The depth over which this ' 4C-age 
was approximately constant (- 8.5 cm) was proposed to be the minimum depth of bioturbation with 
the upper limit indicated by only a slightly older age for material mixed upwards. 
In summary, 14C modelling suggests that the MLD was greatest at Site B, followed by site C and then 
site A, following the trend in increasing water depth. It is possible that the degree of bioturbation also 
reflects the degree of seasonal OM input to these sites, as has been observed at other sites by a number 
of authors (Hammond et al., 1996; Soetaert et al., 1996, 1998), although it should be noted that 
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seasonal surface %OC enrichments at sites B and C reflect enrichments in single pairs of cores and 
reflect only one time period. 
In contrast to 14C profiles, examination of 210Pb, indicated that rapid mixing occurred over 
shallower depths. If bioturbative mixing is analogous to a diffusive process, then 210Pbexss should 
display an exponential decrease with increasing sediment depth, the point where 210Pbexcess = 0 
indicates the MLD. Profiles of 210Pb 55  decreased exponentially and reached zero at sites A and B, 
indicating that rapid biodiffusive mixing was taking place at these sites. At site A, the MLD based on 
21°Pbexcess profiles was estimated to be 7-10 cm, which was in broad agreement with MLD estimates 
based on ' 4C. However, at site B 210Pbexss yielded a MLD = 8cm that was significantly shallower 
than that the MLD estimated from 14C profiles. If 2  Pbexcess  profiles are consistent with diffusive 
mixing, as was observed at sites A and B, it is possible to estimate DB, the biodiffusion coefficient. 
The values obtained for sites A and B were 0.045 and 0.88 cm2 yf', respectively, following the 
pattern of variation in MLD, and, thus confirming that more bioturbation occurred at site B than at site 
A. 
Like site B, the 210Pbexcess profile at site C also yielded evidence for significant differences in mixing 
over short and long timescales. At site C, 210Pbexss was absent at sediment depths between 3-6 cm. 
Thompson et al. (2000) interpreted this as evidence for non-local mixing at site C. Non-local mixing 
(Figure 4.11), with a frequency < 100 years (the period over which 2 Pbexcess remains) was also 
evoked to explain the discrepancy between ' 4C and 	MLD's at site B. The evidence for non- 
local mixing at site C, supports the suggestion made in Section 4.3.1, that the subsurface peak in %OC 
and %TN at 10-11 cm depth in the core collected at site C during CD 111 was caused by a mixing 
event. The type of organism responsible for this type of mixing, along with indications of burrowing 
activity from X-radiographs, are discussed in Chapter 6. 
Comparing Thompson et al.'s data with the other values presented in Table 4.2 and 4.3, it is clear that 
the degree of bioturbation (both MLD and DB, where available) appear to be related to inputs of OM 
at each site. The activity of macrofauna contrasts slightly with that of bacteria, in that site B has 
higher activity than site C. However, similar to the trends discussed in Section 4.6.2 for bacterial 
activity, the highest degree of OC preservation (sites B and C) coincides with the sites of greatest 
bioturbation, which again is perhaps contrary to expectations as bioturbation is known to stimulate 
OM remineralisation (Andersen and Kristensen, 1993). 
4.6.4. Sediment Accumulation 
Enhanced sediment accumulation rates are suggested to be a primary factor leading to enhanced 
preservation of OM in marine sediments (e.g. Muller and Suess, 1979; Henrichs and Reeburgh, 1987; 
Murray and Kuilvila, 1990). The proponents of this argument explain that the faster OM passes 
through surface sediment horizons where bacterial activity (Section 4.6.2) and bioturbation (Section 
4.6.3) are highest, the less likely it is to be remineralised, and that rapid deposition "caps" 
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accumulating sediments from inputs of dissolved electron acceptors (Henrichs, 1992). However, this 
apparent trend is not universal nor without controversy. The relationship between sediment 
accumulation rate and OC burial breaks down at very high sediment accumulation rates as a result of 
dilution of OC arising from inputs of large amounts of lithogenous material (Miller and Suess, 1979). 
Other objections have been raised because of the mathematical interdependency of OC burial and 
sediment accumulation rates (Hedges and Keil, 1995). 
Thompson et al. (2000) calculated sediment accumulation rates in BENBO sediments using 14C 
profiles in cores collected during the preliminary survey cruise CDI 07. They found that accumulation 
rates were highest at site C, followed by site B, and were lowest at site A (Table 4.3). Sediment 
accumulation at sites B and C is thought to have been constant with the material collected in sediment 
cores all being of Holocene age. Sediment accumulation at site A was not constant however, and 
evidence was presented that a past erosional event had occurred scouring off approximately 0.25 m of 
material (Section 4.2). In BENBO sediments, there appears to be a trend of increasing background 
OC content with increasing sediment accumulation rate. Therefore, these trends seem to point 
towards the importance of sediment accumulation in governing the amount of OM buried. However, 
the BENBO data on bacterial activity and bioturbation do not support the idea that the primary 
influence of sediment accumulation rate on OC burial can be purely attributed to the rapid transit of 
material through the most biologically active zones. Both bioturbation and bacterial activity are 
significantly higher at sites B and C than at site A (site B DB 2x site A DB; site B megafaunal 
numbers z 10 x site A megafaunal numbers; site B bacterial activity 15 x site A bacterial activity) 
so, despite the slower sediment accumulation rates at site A (site A z V2  site B), the overall result 
might be expected to "even out". Therefore escape from enhanced biological activity does not seem 
to provide a simple or complete indication of the mechanisms whereby faster sediment accumulation 
rates tend to result in enhanced OM burial. Another possible mechanism by which sediment 
accumulation rates can be mechanistically linked to OM preservation, via 02 exposure, is discussed 
below. 
4.6.5. Oxygen Exposure 
Hedges and Keil (1995) suggested that the delivery of mineral surface area is the primary control on 
OM burial in continental margin sediments through the sorptive preservation of OM to mineral 
surfaces in a narrowly defined SA loading range of 0.5-1.1 mg OC m 2. This sorptive preservation of 
OM is apparently overcome in deep sea sediments causing OC: SA ratios in abyssal sediments to be 
much lower. The combined observation that in deep sea compared to coastal sediments, oxygen 
penetrates to a greater depth and sediment accumulates at a much lower rate led Hedges and Keil 
(1995) to suggest that an increased exposure time of sedimentary OM to oxic porewaters might be the 
cause of these decreased OC: SA loadings. In open-ocean surficial sediments, 02 concentrations are 
typically high (Cai and Reimers, 1995) and degradation of OM is primarily through aerobic 
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Figure 4.12 Typical in situ microelectrode profiles of sediment oxygen concentration from Site A 
during CD11I and CD113 and for site B during CD113. Profiles form Black et al., (in press). 
respiration processes. This is because 02 is the most potent electron acceptor that gives highest free 
energy yield (Froelich et al., 1979). Oxygen availability at depth in sediments might therefore be 
expected to strongly influence the amount of OM that escapes respiration and becomes buried in 
sediments. In the past, the concentration of 02 in bottom water was cited as a critical factor in 
determining the amount of OM preservation (e.g. Demaison and Moore, 1980) and there is certainly 
evidence to suggest that OM burial is higher in the absence of 02. However, as discussed in Chapter 
1, this relationship is not universal and attention has been diverted towards examining overall 02 
exposure of OM in sediments instead. The length of time that OM is exposed to 02, a function of 
sediment accumulation rate, has been investigated in a number of studies (e.g. Hartnett et al., 1998; 
Hedges et al., 1999) 
A number of authors have recently concluded that the availability of 02 governs OM burial (Cai and 
Reimers, 1995; Hulth et al., 1998). Although fresh OM appears to degrade at similar rates under oxic 
and anoxic conditions (Westrich and Berner, 1984; Kristensen and Blackburn, 1987; Hedges et al., 
1988; Cowie et al., 1992; Hulth et al., 1998), refractory OM seems to be more resistant to anoxic 
mineralisation processes (e.g. Canfield, 1994 and references therein). The dependence of 
remineralisation of refractory OM on the presence of 02 is suggested to be a primary control on the 
degree to which OM is preserved in deep-sea sediments (Hedges and Keil, 1995). The potential 
influence of 02 on OM burial in BENBO sediments is considered below. 
Oxygen Penetration Depth 
Sediment 02 profiles were measured successfully in situ using a benthic lander in microprofiling 
mode (see Section 2.4.1 and Section 3.6 for details) at BENBO sites A and B. At site A, two profiles 
during CD 111 and one during CD 113 were obtained, allowing seasonal comparisons to be made. No 
seasonal comparison was possible at site B, however, as the successful profiling attempts were both 
during CD 113. Representative 02 profiles are presented in Figure 4.12. The profiles at both sites were 
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Figure 4.13 Nitrate and ammonium depth profiles measured in porewaters extracted from 
sediments at BENBO sites A, B and C during CD111 and CD 113 suggest there are distinct 
similarities between the redox conditions, and electron acceptor sequence at the two sites. Data 
courtesy of Dr. Hilary Kennedy (University of Wales, Bangor). 
controlled by the vertical diffusion of 02 into sediments from bottom water and, although bottom 
water 02 concentrations were 10% lower at site B than at site A, this difference was not substantial 
enough to affect 02 penetration depths (Black et al., in press). The 02 penetration, the point when [0 21 
= 0, was easily recognised in site-B 02 microprofiles (i.e. 21 mm). However, at site A, 02 did not 
reach zero concentration within the depth range sampled by the microelectrode (total microelectrode 
length = 8 cm, Ca. 6 cm penetration into sediments). Hence, site A penetration depths were 
determined by extrapolation of profiles downward yielding estimated 02 penetration depths of - 8cm 
during both cruises (Table 4.3). It is not perhaps surprising that no seasonal difference in penetration 
depths was observed at this site because of the lack of seasonal OM enrichments. The greater 02 
penetration depth at site A compared to site B was due to a lower 02 demand (lower content of 
predominantly refractory OM) combined with a lower sediment accumulation rate. As endeavours to 
measure 02 at site C were unsuccessful, attempts were made to estimate the likely of 02 penetration 
depth from profiles of other remineralisation and/ or redox-sensitive parameters that can be used as 
indicators of the depth at which sediments become suboxic (NO 3 , Mn4 , Fe 
3' as electron acceptors; 
see Chapter 1) and anoxic (S0 42 and CO2 used as electron acceptors). 
Measurements of NO 3 and NH4' in sediment porewaters made by Kennedy et al. (University of 
Wales, Bangor) are shown in Figure 4.13. Nitrate is produced in sediments by the oxic respiration of 
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Figure 4.14 Porewater Mn 21  profiles for the three BENBO sites during CD!!! and CD 113 again 
highlighting similarities between the profiles of redox-sensitive elements at site B and C. Data 
courtesy of Dr. Mark Williams. 
OM and, after 02 becomes depleted, NO 3 itself is used as an electron acceptor. Hence, NO 3 profiles 
are a product of these production and consumption processes. In deep-sea sediments where 02 
penetration depths tend to be greater, this balance between production and consumption leads to a 
subsurface peak in NO 3 porewater concentrations. This is seen in all BENBO sediments. At site A 
there is measurable NO 3 in porewater throughout the sediment core collected, so denitrification 
processes are not significant enough to result in the total depletion of NO 3 over this sediment depth 
range (i.e. core length of-30 cm). However, at sites B and C denitrification is significant enough to 
cause complete NO 3 depletion within the top Ca. 10 cm. Nitrate concentrations reach zero at a similar 
depth, —8 cm at both sites suggesting similarity between the Sites. Once the sediment supply of 02 is 
exhausted, remineralisation of organic N yields NH 3  instead of NO 3 , and NH4'becomes measurable 
in porewaters. This "appearance" of NH4*  takes place at 8 cm at sites B and C, roughly coinciding 
with estimates of the depth at which sediments become sub-oxic and with a colour change in the 
sediments at these sites (Section 2.5). 
Manganese, another electron acceptor used in the remineralisation of OM, can also be used as an 
indicator of redox conditions and OM breakdown. Manganese (IV) oxide is utilised during sub-oxic 
mineralisation to oxidise OM, Mn4 being reduced to Mn 2 in the process. The onset of this process is 
indicated by the appearance of the soluble Mn 2 species in sediment porewater, the Mn0 2 itself being 
insoluble. Thus, by measuring Mn concentrations in porewater, the succession to M1102 reduction in 
sediments can be delineated. M. Williams (Dunstaffnage Marine Laboratory) measured Mn 2 in 
BENBO porewaters (Figure 4.14). Like NO 1 and NH., Mn2 profiles are similar at sites B and C, 
both indicating that Mn appears in measurable concentrations at sediment depths of-7-9 cm, 
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compared to site A where Mn 2 ' concentrations were generally below detection limits. Although Mn 2 
"appearance" may be slightly shallower in sediments at site B compared to site C, on the basis of 
porewater NO 3 , NEI4 and Mn2 profiles it seems reasonable to predict that 02 penetration depths at 
site C are approximately the same as at site B (Table 4.3) i.e. Ca. 8 cm. 
As 02 penetration depth at site C is based on an estimate, it is more difficult to make inferences from 
comparisons with other BENBO data (Table 4.3) with confidence. However, if sites B and C are 
considered together, it is evident that, as expected, lower 02 penetration depths at these sites coincide 
with higher OC contents, higher sediment accumulation rates, and also lower degrees of OC 
remineralisation and higher bacterial numbers. Lower 02 penetration depths also coincide with 
greater degrees of bioturbative mixing, suggesting that bioturbative processes in this region do not 
significantly alter sediment porewater 02 concentrations. 
The correlation of 02 penetration with the amount OC remineralised downcore strongly suggests that 
02 concentration may exert an influence on the amount of OM remineralisation. To quantify the 
effect of 02 as a controlling factor, it is necessary to relate OM degradation and preservation to overall 
oxygen exposure time (OET) at each site. 
Oxygen Exposure Time 
A large number of studies have found 02 to be the most important electron acceptor in the 
decomposition of OM in deep-sea sediments (e.g. Jahnke et al., 1982; Bender and Heggie, 1984; 
Murray et al., 1990; Soetaert et al., 1996; Lohse et al., 1998). OET is a parameter that has been 
developed to assess the influence of 02 semi-quantitatively by estimating the amount of time that 
sediment OM is exposed to 02. OET, a function of sediment accumulation rate, is calculated as 
follows: 
In Situ Oxygen Exposure Time (yrs) = Oxygen penetration depth (cm) 
	
Eq 4-1 
linear sedimentation rate (cm') 
Hedges and Keil (1995) suggested that the exposure times determined by Equation 4.1 are average 
values; that the bioturbative activities of organisms will move particles in and out of the oxygenated 
zone but the number of particles subject to greater and lesser degrees of exposure should be equal, 
thus "averaging out" any differences caused by biomixing. This suggests that bitourbation will not be 
an influencing factor for OM burial. However, a number of studies have shown that bioturbation may 
lead to enhanced OM degradation, for example, through the introduction of powerful oxidizing agents 
(02, NO3-) to depth in the sediments (Aller, 1978; Archer and Devol, 1992) or through the exposure of 
OM to oscillating redox conditions (Aller, 1994; Hulth et al., 1998). In BENBO sediments some 
evidence exists based on amino acids compositional data, that OM degradation below the depth of 
oxygen penetration is greater in more bioturbated sediments (See Chapter 5). 
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The results of these calculations for BENBO sediments (Table 4.3) indicate that OET's are shortest at 
site C (- 300 years), followed by site B (-.- 500 years), with material at site A (- 3000 years) being 
exposed to 02 for a far greater period than at the other two sites. 
Hedges and Keil (1995) suggest that it is prolonged 02 exposure that overcomes the preservation of 
OM associated with mineral surfaces. If this were the case, then OC preservation in BENBO 
sediments (including OC: SA ratios), might be expected to be related to OET. In fact, in BENBO 
sediments, there does appear to be a clear relationship between OET and OC content, but OET co-
varies with background OC concentrations only on a weight percent basis (Table 4.3). The lack of 
variation with OC: SA is perhaps an artefact of the relatively high surface SA of site C sediments and 
the very low SA of those at site B. Support for the importance of OET comes from the fact that when 
the amount of OC remineralised downcore is considered (weight percent and SA-normalised OC 
decreases downcore; Table 4.3), there is a pattern of increasing rernineralisation with increasing OET. 
The length of time that sedimentary OM is exposed to 02 is the only parameter presented thus far that 
relates to the amount of OC lost downcore, providing mechanistic information on the degradation 
process in this region, namely that oxic degradation is the primary factor bringing about downcore 
decreases in %OC and OC: SA. In summary, OET is linked to the amount of OM remineralisation 
and to the %OC that remains at depth. OC: SA does not clearly indicate the extent of OM 
reniineralisation below Continental Margin Loadings and background OC: SA is driven both by 
differences in SA and in the degree of alteration. Data presented in Chapter 5 suggests that 
differences in OC: SA are due to matrix preservation effects within carbonate biominerals (sites B and 
C) and to the degree of sediment reworking prior to deposition, that is the OET prior to deposition 
(site C and glacial clays at site A). 
4.7. Washington Margin Comparison 
The BENBO data set can be compared with the only other available data set where changes in SA-
normalised OC burial with 02 exposure were measured across a transect. In this study by Hedges et 
al. (1999), OC was also normalised to sediment SA to remove the influence of sediment grain type on 
OC distribution. The Washington Margin data set, unlike the BENBO sites, represents a simple 
transect offshore, where water depth increases with distance from shore. Samples were collected at a 
number of sites across the Margin (Figure 4.15). 
On the Washington Margin, the primary sediment input is the Columbia River, from which 
lithogenous material is transported out onto the shelf and slope. Sediments along the margin are 
primarily fine-grained (Prahl et al., 1992). This riverine transport also results in the delivery of 
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129' 	 128' 	 127' 	 126 	 125' 	 124' 
Figure 4.15 Map showing position of sampling sites off the West Coast of the USA used in the 
Washington Margin study. Site numbers that are circled indicate the sites where oxygen 
penetration depth was measured and it is these sites that will be considered in the following 
discussion (Hedges et al., 1999). 
the slope (10-15% terrigenous OM; Prahi et al., 1994) which contrasts with the low allocthonous 
inputs of OM to the BENBO study area (Section 4.3.2). There is a further contrast in the amount of 
autochthonous material delivered to the sediments in each region. Levels of primary production are 
high on the Washington Margin (Keil et al., 1994a). Elevated primary production on this upwelling 
margin results in unusual OM export from the euphotic zone, resulting in turn in a pronounced 02 
minimum zone (saturation < 20% between 400-1800m; Archer and Devol, 1992) due to water-column 
OM remineralisation. Comparison of the Washington Margin and BENBO study areas which differ 
in terms of key parameters (e.g. primary production, OM sources, sedimentation rates and bottom 
water 02 concentration) allows assessment of contrasts in the relative importance of these factors in 
terms of OC cycling and burial. 
Comparisons of SA-normalised "background" OC contents give an immediate indication of disparities 
between the two regions (Figure 4.16). Whereas as all BENBO sites (1100 m-3650 m) fall below the 
CML range, sites on the Washington Margin down to a water depth of approximately 2500 m have 
OC: SA loadings which fall within this range. During the Washington Margin study it was possible to 
determine the depth of transition from CML to deep-sea loadings, but this was not possible in the 
BENBO region. Clearly for sites of comparable water depth, far greater SA normalised loadings of 
OC are preserved at depth in the sediments on the Washington Margin. These differences indicate 
that contrasts in site conditions lead to different degrees of OM preservation in the two regions. 
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Figure 4.16 Plot of the "background" organic carbon: surface area ratio versus water depth for 
BENBO sites (open diamonds) and sites on the Washington Margin (black squares; Hedges at 
al., 1999). The "background" level for BENBO sites was judged from OC: SA depth profiles 
(Figure 4.8) to be when OC: SA became constant. For Washington Margin sites the 
"background" level represented a whole core average as sediment %OC varies little down-core 
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Figure 4.17 Plot of "background" sediment OC content (salt-corrected dry weight) versus 
sediment accumulation rate for BENBO sites (open diamonds) and sites on the Washington 
Margin (black squares; Hedges at al., 1999). 
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Figure 4.18 Comparison of oxygen penetration depth versus water depth between BENBO sites 
(open diamonds) and sites on the Washington Margin (black squares; Hedges at al., 1999). 
When sediment accumulation rates between the two regions are compared (Figure 4.17), it can be 
seen that for sites of comparable depth, sediment accumulation rates are much greater on the 
Washington Margin than in the BENBO study area. The pattern of increasing sediment OC content 
with increasing sediment accumulation rate observed at BENBO sites is evident on the Washington 
Margin. However, there is a notable difference in the amount of background OC preserved for a 
given sediment accumulation rate between the two regions, with approximately three times as much 
OC being preserved in Washington Margin sediments. Part of this difference could be accounted for 
by enhanced preservation due to the higher levels of terrigenous OM, which is prevalent and likely to 
be more refractory (Hedges et al., 1988), in Washington Margin sediments. However, terrigenous 
material only accounts for 10-15% of OM on the Washington slope and therefore cannot account for 
all of the difference. Calvert and Pederson (1992) suggested that any differences in the amount of OC 
preserved at depth could be accounted for on the basis of variations in sediment accumulation rate and 
primary production in the overlying water column. If this were the case, the difference between the 
amount of OC preserved in Washington Margin compared to BENBO sediments of comparable 
accumulation rates would be due to differences in the amount of OM delivered to the sediment 
surface. Primary production is likely to be higher in the region of the Washington Margin than at 
BENBO sites but, in the absence of primary productivity data for the BENBO region, it is not possible 
to test this scenario fully. 
Hedges at al. (1999) also measured 02 penetration depths across their transect and these are compared 
with those measured at BENBO sites in Figure 4.18. It is evident that for sites of comparable water 
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Figure 4.19 Plot of organic carbon: surface area ratio versus oxygen exposure time for BENBO 
and Washington Margin sites showing that these two parameters are related in a similar fashion 
in these two regions of the Pacific and Atlantic Oceans. 
depth, 02 penetration depth is greater in BENBO sediments than in sediments on the Washington 
Margin due to higher 02 demand arising from higher concentrations of OM in Washington Margin. 
However, despite the numerous differences between these two regions, when background OC: SA 
ratios are compared with calculated OETs at each site, a consistent pattern can be seen (Figure 4.19). 
BENBO sites form the extreme of this relationship where slow sediment accumulation rates and 
deeper 02 penetration depths lead to greater OETs and hence lower OC: SA ratios. 
Therefore, although background OC: SA did not clearly represent the degree of OM alteration within 
the BENBO sites where surface OC loadings were already below those typical of continental margins, 
they are clearly influenced by, and thus indicate OET on a broader scale. 
4.8. Benthic Carbon Mineralisation versus Burial 
The term burial efficiency (BE) is often the preferred indicator of OM remineralisation and burial in 
sediments. This parameter relates the net remineralisation in the sediments above the depth of 
constant OC abundance to the concentration of OC at constant abundance, and is considered 
preferable to downcore OC losses because it is not influenced by bioturbation that will tend to 
"smooth out" contrasts between the sediment-water interface and the base of the MLD, and therefore, 
background OC concentrations. BE relies on the assessment of OM inputs using independent 
parameters rather than the OC content of surface-sediment horizons that have likely been reduced 
through bioturbative homogenisation. BE is also often the preferred parameter when investigating the 
influence of sediment accumulation rate on the amount of OM remineralisation and burial (e.g. 
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Hemichs and Reeburgh, 1987; Betts and Holland, 1991) because it does not rely on mathematically 
interdependent terms as is the case with comparisons of OC burial and sediment accumulation rate, 
and is a measure of the proportion of sedimentary OC input that is ultimately preserved. However, it 
should be remembered that BE does not take into account any cycles of resuspension and deposition 
and it is also influenced by dilution. For example, BE is subject to elevation by the input of 
resuspended sediments and laterally transported sediments (Anderson et. al., 1994; Hartnett et al., 
1998) as this material is likely to be more refractory, less likely to be remineralised in sediments thus 
increasing the estimate of OC buried. 
The amount of OC buried in sediments is calculated using the following equation: 
OCburjal = [OCI(S acc ) 
	
Eq 4-2 
where [OC] is the asymptotic concentration of OC (mglg) on a dry weight basis, at depth in the 
sediment, and Sacc is the sediment accumulation flux (g cm -2 yr'). For comparability with other data 
sets, OC burial is presented in units of mmol OC m 2 d' (Table 4.4). The OCburial rates estimated for 
BENBO sites of 0.48-0.97 mmol OC m 2 d' are of the same magnitude as those estimated on the slope 
of the Goban Spur just to the south of site A of 0.011-0.025 mmol OC m 2 d' (van Weering et al., 
1998). 
BE can then be calculated as follows: 
BE= 
OCburial 
x 100 	 Eq 4-3 
ocinput  
where: 
ocinput  = OCmineraiisation + OCburial 	 Eq 4-4 
OC input rates are usually derived either from annual near-bottom, long-term OC fluxes from 
sediment trap deployments or from the rate of total OC remineralisation above the zone of OM burial, 
as indicated by respiration rate data converted to OC equivalents using the known stoichiometry of 
reactions (Froelich et al., 1979). In this study OC inputs have been determined using two sets of 
respiration rate data because no annual sediment trap flux data was obtained. Calculation of input 
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rates from OC respiration rates is often the method of choice because the lateral transport and 
resuspension of material can influence fluxes measured with sediment traps. 
Estimates of the flux of 02, J 0,, across the sediment-water interface (Table 4.4), derived from 02 
microprofiles by Black et al. (in press), have been converted to OC equivalents based on the following 
equation derived for the oxic respiration of OM by Froelich et al. (1979): 
Oxic Respiration (Nitrification) 
020106 (NH 3 )16 (H3 PO4 )+ 13802 	> 106C0 + 16HNO3 + H3 PO4 + 122H2  0 	Eq 4-5 
This equation states that for every 138 moles of 02 diffusing into the sediments, 106 moles of OC will 
be oxidised. However, it is not valid to assume that all of the 02 diffusing into sediments will be 
utilised in the oxidation of reduced C as there are known to be two major processes that lead to 02 
consumption in marine sediments: oxic respiration and the oxidation of reduced inorganic species 
(Froelich et al,, 1979). Some oxygen is, therefore, used to oxidise the reduced forms of other electron 
acceptors i.e. Mn2 , Fe2 , and NH3 (see Figure 1.4 for sediment oxidant sequence). However, the 
estimation of C oxidation carried out by oxygen diffusing into the sediment via Equation 4-5, can be 
corrected to take into account 02 consumption of Mn 2 , Fe2 , and NH3 by modelling the fluxes of 
these species along concentration gradients in their sediment porewater concentration profiles 
(Reimers et al., 1992). As the reactions of these reduced species proceed in stoichiometric 
proportions, the fluxes can be used to calculate the flux of 02 required to bring about the oxidation of 
the reduced species flux as follows: 
OC degradation rate = 
106- 
 F02 
- 2FNH3 - -
L 
FMfl2+ - FFe 2+ J 	Eq 4-6 138 
where F02, is the downward diffusive 02 flux into the sediments, and FNH3, FMII2+, and FFC2+, are the 
upward fluxes of NH3, Mn2 , and Fe2 . Since no 02 data was collected at site C, diffusive 02 fluxes 
have been estimated at this site by assuming, as was done for 02 penetration depths based on 
similarities between profiles of redox-sensitive parameters (Section 4.6.5), that diffusive 02 fluxes at 
sites B and C were the same. Unfortunately, the upward fluxes of NH3, Mn2 , and Fe 2+  were not 
available for use in this study. Therefore, total 02 consumption has been used to estimate total OC 
mineralisation based on C equivalents to the 02 flux and is presented in Table 4.4. The absence of 
denitrification data means that C inpu, is likely to be an overestimate so BE based on 02 calculations 
should be maximal values. 
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Table 4.4 Summary of results of calculations used to derive estimates of burial efficiencies. 
* Black et al. (in press); site A, n=3; site B n=2. 5Papadimitriou and Kennedy (pers. Comm) site 
A, n=2; site B n=4; site C, n=4. #Values  for site C were assumed to be equal to site B because of 
the similarity between sediment profiles of NO 3 , NH, and Mn2 (see Section 4.6.5) 
Site A 	Site B 	Site C 
Diffusive 02 flux, J0, (mmol m 2 day')' 
	
0.61 (±0.38) 1.18 (±0.38) 	ND 
Total C oxidation rate based on 02 profile (mmol m 2 day) 0.47 (±0.29) 0.92 (±0.28) 	0.92" 
C oxidation rate based onNO 3 profile (mmol m 2 day') 	0.77 (±0.16) 2.00(±0.93) 1.52 (±0.55) 
OC burial (tM OC CM-2  yr 	
0.007 	0.028 	0.050
) (±0.0002) (±0.0002) (±0.0002) 
OC input based on total 02 consumption (mmol m 2 day-) 
OC input based on oxic respiration (NO 3 profile) 
(mmol m 2 day) 
Burial efficiency based on 02 modelling (%) & range 
Burial efficiency based on NO 3 modelling (%) & range 
0.48 (±0.29) 0.95 (±0.27) 	097# 
0.78 	2.03 	1.57 
(±0.16) (±0.93) (±0.54) 
1.5 (1.2-3.8) 3.1 (2.4-4.3) 	5.2" 
0.9 (0.8-1.2) 1.4 (1.0-2.7) 3.2 (2.4-4.9) 
However, porewater concentration profiles of these dissolved species at least at site B and by 
inference based on assumed similarity in 02 penetration depth, at site C suggest that these reduced 
species are well separated (by ca. 4 cm; Figure 4.13 and 4.14, and Papadimitriou pers. comm, 
University of Wales, Bangor) from the depth of 02 penetration (ca. 2.1 cm measured at site B and 
2+ 	2+ assumed at site C; Figure 4.12). Other possibilities for the removal of dissolved NH3,  Mn , and Fe 
include adsorption/ precipitation/ incorporation into sediment grains (Froelich et al., 1979; MUller and 
Suess, 1980; Hensen and Zabel, 2000) or in the case of Fe 2+, reoxidation by species such as NO 3 or 
Mn02 (Haese, 2000). 
Additionally, a large number of studies have suggested that oxic respiration is the dominant pathway 
for OC respiration deep sea environments (e.g. Bender and Heggie, 1984; Reimers et al., 1992; Ghid 
et al., 1994; Hammond et al., 1996). On the Goban Spur just to the south of BENBO site A in water 
depths of 208-4550 m, Lohse et al. (1998) estimated OC respiration rates resulting from 
denitrification, Mn reduction and Fe reduction to be in the range 0.01-0.20, 0-0.05, and 0-0.04 mmol 
m7 2  d', respectively, which were significantly lower than the corresponding range of oxic respiration 
rates (0.98-4.33 mmol m 2 d). It is therefore unlikely that in these low OC sites, significant levels of 
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OC remineralisation will occur as a result of suboxic respiration; suggesting that calculations of OC 
remineralisation based on total 02 uptake will not be a gross overestimate. 
Similar to 02 profiles, NO3 can also be modelled to estimate OC degradation rates. This is carried out 
in sediments where the oxygen penetration depth is greater than zero, by dividing the profile into two 
layers where the upper layer above the depth of maximum NO 3 concentration, is the zone of 
nitrification (Equation 4-5) and the lower layer is the zone of denitrification (Equation 4-7). It should 
be noted that this lower gradient indicates the depth of active denitrification but it is no measure for 
the total rate of denitrification because the overall shape of the NO 3 profile depends on the total rate 
of nitrification and the denitrification rate (Devol, 1991; Hensen & Zabel, 2000). 
Denitrification 
(Ci-120)106(NH3 ) J6(H,PO4) + 94.4 HNO3 -p 106CO2 + 55.2 N2 + H3 PO4 +1772H20 	Eq 4-7 
A minimum estimate of total NO 3 released as a result of the oxidation of OM by reaction with 02 can 
then be determined based on a number of assumptions (Schultz, 2000). Firstly, it is assumed that all 
stepwise reduction of NO 3 is complete (i.e. as N2 not NO2 or N20), and the ratio of N 20: N2 
production, is small enough in most cases (0.0002-0.006 N 20: N2) to make the assumption valid 
(Hensen and Zabel, 2000). Secondly, it is assumed that the released NO 3 originates only from the 
oxidation of OM (Schultz, 2000). Papadimitriou and Kennedy (University of Wales, Bangor) 
calculated oxic respiration based on dissolved porewater NO 3 profiles as follows: 
' 106 
Total OCmineralised oxic = ( 1nifrate, up + 	 °" nitrate, d 	)x 	 Eq 4-6 16 
where OCrninerlatised,uxic  is the rate of oxic OC mineralisation (mmol n1 2 d'), Jflitrate, , is the flux of NO 3 ' 
from the sub-surface peak to the sediment-water interface (nimol m 2 d') and Jnitrate, down is the flux of 
NO3 downwards that is consumed by denitrification processes. The results of this calculation made 
for BENBO sediments are shown in Table 4.4. This can be viewed as a minimum estimate of the 
amount of OC mineralised as it is based on 02 only, and should therefore lead to an underestimate of 
OC burial efficiency. Additionally, determination of OC mineralisation in this way is often 
considered a less accurate method of determining OC iap, than by modelling 02 profiles because 
limitations in sampling resolution typically lead to Jnitrate, up  being determined on the basis of a 
relatively small number of data points (Figure 4.13; Hensen and Zabel, 2000). 
The OC mineralisation rate estimates data for BENBO sites (Table 4.4) suggest that the OM at site B 
is the most labile because it is degrading at the fastest rate, followed by site C, and then Site A. This 
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pattern follows the trend of water depths, as did the other parameters of bacterial and macrofaunal 
activity (Table 4.3) that appear to indicate OM "freshness". The question of the reactivity of the OM 
in BENBO sediments will be addressed more fully in Chapter 5. 
OCmput based on NO3 , suggests that the greatest inputs are delivered to site B, similar to or slightly 
greater than site C, and with much lower inputs reaching the sediment-water interface at site A. The 
diffusive flux of 02 into the sediments reflects this higher demand for 02 by remineralisation of the 
more abundant OM at site B compared with Site A. 
Comparison of BE estimates based on 02 and NO 3 shows that they are in very close agreement; 
identical within the bounds of error, suggesting that the assumption that the diffusive 02 flux to site C 
sediments was likely to be similar to that measured at site B, was valid. As expected, BE estimates 
based on N0 were greater than estimates based on 02,  as BE's based on NO 3 did not account for 
any OC respiration other than that brought about by the use of 02 as an electron acceptor. The 
similarity between the two BE estimates, however, lends support to the notion that suboxic processes 
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Figure 4.20 OC burial efficiency versus oxygen exposure time presented by Hartnett et al. 
(1998) for samples on the Mexican shelf, 100-150 m (0); Mexican slope oxygen deficient zone, 
150-1000 (•); the Washington shelf and upper slope (0), Washington lower slope, 600-2500 m 
(a); and the California margin, 1500-3500 m (A). NB Mexican slope with OET = 0 were plotted 
at 0.003 years (< 2 days) because a zero value cannot be accommodated on a log scale. Ranges 
denote maximum and minimum estimates of BE calculated, respectively, as the sum of 02 
consumption, denitrification and S042 reduction, and on denitrification and either 02 
consumption or S042 reduction (whichever was greater). 
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Figure 4.21 Plot of the Burial efficiency versus oxygen exposure for BENIBO sites and for sites 
on the Washington Margin and off Mexico (Hartnett et al., 1998). The Mexico shelf and slope 
data are averages of the data presented for these regions in Figure 4.15. However, in the 
Washington Margin data set a distinction is made between shelf and upper slope values that 
were categorised together in Figure 4.15. NB it was not possible to include other the other 
categories shown in Figure 4.15 because no raw data was presented for Washington lower slope 
and California Margin sites. 
measured BE's of only 14% in sediments on the Goban Spur just to the south of the BENBO study 
area and the BE's measured here, fall within the ranges typically observed for pelagic sediments (BE 
= 0.6-16%; Henrichs and Reeburgh, 1987). 
Burial efficiency calculations for BENBO sediments based on 02 and NO 3 suggest that the BE's of 
BENBO sites can be ranked C > B > A. This follows the pattern of inter-site variation expected if the 
length of time that sedimentary OM is exposed to 02 does determine the proportion of OC that 
escapes remineralisation. Site C sediments had the shortest OET of —300 years, and this was also the 
site with the greatest organic carbon BE. At the opposite end of the scale, Site A sediments were 
exposed to 02 in situ for - 4000 years. Therefore, although BE's include no measure of the reactivity 
of OM being delivered and preserved (Hedges and Keil, 1995), the BE estimates, are in accord with 
the observation that "background" OC: SA are related most strongly to OET in BENBO sites (Section 
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4.7). Thus, BE estimates have provided further independent support for the pivotal role OET plays in 
controlling the proportion of OC that escapes respiration and is preserved at depth in these sediments. 
A relationship between BE and OET has been found in a previous study by Hartnett at al. (1998). 
These authors found that BE correlated with log [OET], at a range of sites of contrasting redox status 
along the Pacific Coast of America (Figure 4.20). A similar trend can be seen when these two 
parameters are compared in BENBO sediments (Figure 4.21). 
Noticeably, BENBO sites represent one extreme of this relationship and are thus extending the data 
set for these two parameters, OET and BE. Therefore, despite that problems inherent in assessments 
of OM remineralisation and burial, the two independent parameters OET and BE which alone are 
subject to perturbation effects, show a consistent pattern within BENBO, Washington Margin and 
Mexican Margin Sediments indicating that OETs determine the proportion of OC ultimately preserved 
in a range of contrasting marine environments. 
4.9. Summary 
At the beginning of Chapter 4, the sediments at BENBO sites were shown to be characteristic of deep 
sea domains and contain OM overwhelmingly of marine origin. Mass-normalised yields of OC and 
TN were low and OC: SA ratios fell below the range typical of continental margin sediments in all but 
post-bloom surficial site B sediment. The lowest OC and TN contents were measured at Site A, the 
deepest site. Yields at sites B and C were approximately similar. Most OM in sediments and in fluff 
material cannot be separated from mineral grains indicating that it is sorbed to mineral grains. 
Sediments that had accumulated during the Holocene (whole core length at sites B and site C, and 
above —15 cm at site A) were CaCO 3-rich. Holocene sediments at sites A and B were both - 80 % 
CaCO3, although grain-size distributions indicated that different CaCO 3 source organisms dominated 
inputs at each site. Site A sediments were coarser indicating that foraminifera were more dominant 
whereas the fineness of sediments at site B suggested that the CaCO 3 at this site resulted mainly from 
coccolithophorids. At site C, CaCO 3 contributed - 60% of sediments with the remainder apparently 
being made up of glacial clays. Sediments at this site were the finest and had the highest SA. It was 
this high SA at this site, apparently resulting from BNL/ BBL clay inputs, which contributed to the 
low OC: SA of these sediments comparable to those at the most organic—poor site, site A. In contrast, 
the very low SA of site B sediments was the cause of the higher OC: SA ratios at this site, even 
though the median grain size at this site was small. These results clearly demonstrate that variations 
in mineralogy and surface roughness can have a profound affect on OC: SA ratios. Site C OC: SA 
ratios suggest that highly degraded clays, displaying high SA and low OC content, can dramatically 
reduce sediment OC: SA ratios. The presence of highly degraded clays associated with fluff material 
collected during CD 113 at site C, appeared to have a similar influence to that seen in site C sediments. 
The OC and TN content of fluff material were low, as was the OC: SA ratio of this sample as a result 
of high SA consistent with its fine grain size. 
121 
Chapter 4: Controls on Organic Matter Burial 
The seasonal nature of OM inputs to sites B and C were signified by increases in the %OC and %TN 
content of surficial horizons at these sites between cruises CD 111 and CD!! 3. No such evidence for 
%OC and %TN increases was found at site A, although this may reflect the earlier onset of the bloom 
at this site. The high OC content of site B surficial sediments coupled with the low sample SA, 
resulted in the elevation of post-bloom OC: SA ratios to those more typical of continental margin 
sediments during CD 113 at this site. The higher SA of surface sediments at site C prevented a similar 
OC: SA increase from occurring at site C, suggesting that differences in the mineralogies of even 
relatively minor components of the sediment can dramatically alter OC: SA ratios. 
With increasing depth, sediment OC contents (mass and SA- normalised) approached asymptotic 
values (the "background" OC content) that were greatest at site C and lowest at site A. The lack of 
correspondence with the pattern of water depth variation eliminates this as a possible control on OM 
burial. Variations in bacterial numbers and in bacterial and larger faunal activity appear to reflect OM 
inputs rather than OM burial. There is in fact a pattern of increasing activity where OM burial is 
greatest, apparently as a result of the greater absolute amount of OM available for remineralisation at 
these sites. Sediment accumulation rates showed the same pattern of variation as background OC (i.e. 
C > B > A) although this trend offered no insights into the mechanisms that allowed more OM to 
escape respiration at site C compared to site A. The depth of 02 penetration was far greater at site A 
than at site B resulting in much longer OET's for material deposited at this site. The 02 penetration 
depth at site C was not measured successfully, but was estimated with some degree of confidence, to 
be similar to that at site B because of the similarity in NO3 and redox-sensitive Mn2 profiles. The 
inter-site pattern in OET variation suggested that at these sites, the amount of OC preserved at depth 
could only be explained mechanistically by an increase in OET leading to a decrease in the OC 
content and OC: SA ratio of sedimentary material buried at depth. 
This conclusion was confirmed when the results from the BENBO study were compared with a 
similar data set collected on the Washington Margin. The OC: SA ratios of BENBO and Washington 
Margin sediments at the depth were OC concentrations reach an apparent background level, could not 
be explained by changes in water depth or sediment accumulation rate. Despite differences in OM 
source, productivity, sedimentation and bottom water conditions, between the BENBO sites and the 
Washington Margin, variations in the background OC were related to OET in the regions in the same 
fashion with BENBO data forming the extreme of low OC: SA ratios sediments remaining after long 
OET's. Comparison of OC burial efficiencies in BENBO sediments (calculated using both NO3 and 
02 profiles) with other margin data sets indicated a consistent pattern of increasing burial efficiencies 
(i.e. a higher proportion of OM inputs escaping respiration), with decreasing OET. 
It is therefore apparent that BENBO sites have low preservation efficiencies relative to other 
continental margin sites because of the greater length of time that sedimentary OM is exposed to 02 in 
the region. 
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5.1. Introduction 
In Chapter 4 it was argued that the low OC content relative to available surface area of sediments 
indicated that BENBO sites were more typical of those found in the deep sea than on continental 
margins and that low OC: SA ratios suggested that the OM present was heavily degraded. OC: SA 
ratios decrease with the length of time that accumulating material is exposed to oxic porewaters (e.g. 
Hedges and Keil, 1995; Hedges et al., 1999). This was found to be the case in BENBO sediments. 
In this chapter, molecular level analyses of BENBO samples are presented. A series of biochemical 
groups were selected for analysis that have the capability to provide information on OM source, 
cycling, degradation state, nutritional value and differential sorptive effects that cannot be obtained 
from bulk C and N analyses alone. Comparisons of amino acid, carbohydrate and hexosamine yields 
in samples spanning the BBL have enabled OM transformation processes in the BBL to be examined. 
Together these biochemicals represent a significant proportion of identiable OM in the marine 
environment and they display a wide range of reativities and functionalities that have enabled organic-
mineral interactions across the BBL to be investigated and the controls on the quality and quantity of 
OM burial at these three sites, to be determined 
Specifically, the biochemical groups studied are: 
Amino acids are the building blocks of proteins and, although they are found in all organisms, they 
provide little specific source information. However, as one of the most abundant and reactive groups 
of biochemicals, they can provide useful information about diagenetic processes and the degradation 
state of OM. This is achieved by looking at amino acid distributions, which have been shown to 
change in a characteristic way during degradation and are typically more reactive than bulk OC and 
TN (Cowie and Hedges, 1992b; Dauwe et al., 1999a). Amino acids of different charge classes (acidic, 
basic and neutral) have also been shown to have different affinities to mineral surfaces, and 
compositional parameters may therefore be particularly useful in studies to investigate sorptive 
processes (Carter, 1978; Carter and Mitterer, 1978; Hedges and Hare, 1987; Henrichs and Sugai, 
1993). 
Hexosamines are the building blocks of chitin, a polymer of N-acetylglucosamine and other similar 
biopolymers, and are common in marine algae, bacteria, and zooplankton (de Leeuw and Largeau, 
1993). Chitin is also a structural component in many eukaryotic plant species. Hexosamines may 
provide further indices of the degradation state of OM as they are associated with relatively refractory 
structural polymers (e.g. in bacterial cell walls and zooplankton exoskeletons; Lehninger, 1982) and 
are thus protected in a structural matrix, typically becoming enriched relative to amino acids as 
remineralisation proceeds (e.g. Ittekot, 1984 a,b; Haake et al., 1992; Dauwe and Middelburg, 1998). 
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They therefore represent a portion of identifiable OM that is more resistant to remineralisation than 
both amino acids and bulk C and N. 
Carbohydrates are also major components of the biomass of many organisms but are generally less 
reactive than ammo acids (Cowie and Hedges, 1984a). Indications of carbohydrate concentrations 
were obtained through the analysis of the major components of carbohydrate, the neutral sugars. 
These combine to form oligo-and polysaccharide macromolecules (carbohydrates). Comparison of 
relative individual carbohydrate yields with those observed in source organisms and other sediments 
can be used to reveal a diagnostic pattern of degradation similar to those observed previously. 
The results of these analyses have also been coupled with those of lignin phenol analyses. The lignin 
content of BENBO sediments was found to be a small (Chapter 4). However, its status as one of the 
most refractory groups of biochemicals in marine sediments, makes it a useful parameter that can be 
studied to investigate a range of OM reactivities and to examine OM alteration at BENBO sites. 
In addition to considerations as to the importance of BBL processes, the preservation potential of OM 
delivered to each BENBO site is examined. In Chapter 4, an apparent "background" OC: SA value 
for sediments at depth at each site was identified. This chapter investigates whether this background 
OC is in the form of identifiable biochemicals. It has been possible to discern whether observed 
decreases in OC: SA loadings are accompanied by increases in OM degradation state in BENBO 
sediments, and to determine how these lower OC: SA loadings lead to a reduction in material 
identifiable at the molecular level. The results have also indicated the degree to which labile 
compounds might be sorptively preserved in these OM-poor sediments. Factors that might influence 
the composition of this background OM such as sorptive effects and matrix preservation have also 
been examined. Finally, the proportion and composition of identifiable biochemicals has been 
compared to OC: SA, OET and ultimately, burial efficiency to consolidate previous findings on 
factors important to OM preservation and burial, both at a bulk chemical and molecular level. 
5.2. OM Inputs and Overall Biochemical Alteration Across the BBL. 
In this section the sources of material to, and degradation processes within, the BBL, are addressed. 
Comparison of the composition of sediment trap material collected at sites A and B, with fluff 
material encountered at the site C sediment-water interface during CD! 13, and with sediments below, 
enabled alteration processes across the BBL to be examined. Sediment trap samples of two types were 
used for this purpose; an amalgamated sample for each of the two deployment depths at each trap site 
(A and B), and a set of time-series samples from each trap depth at both sites (see Section 3.4 for 
sampling description). Bulk chemical and physical analyses of time-series samples, in addition to 
particle-type and degradation state information, provided indications of the degree of resuspension at 
sites A and B. Insights were also obtained into the seasonality of delivery processes to the BBL, even 
though the time series samples did not span a complete annual cycle. The amalgamated sample, 
where material from each sample period was combined in proportion to the amount of total flux that 
the sample contributed, permitted sufficient material to be obtained to conduct biochemical analyses. 
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This allowed a more detailed assessment to be made of the degradation state of sinking particulate 
OM, the primary source of material delivered to oceanic sediments (e.g. Wakeham and Lee, 1993), 
than was available from bulk chemical analyses alone. 
5.2.1. OM sources 
In Chapter 4, (OC/N) a, 5 13Corg and lignin phenol data were presented for BENBO surface sediments 
(Figure 4.6 and 4.7) that suggested that the proportion of terrestrially-derived OM in BENBO 
sediments was extremely low. Atomic (OCIN) ratios and 813C.,g  conducted on amalgamated samples 
for each trap depth supported the notion that sinking POM in the water column was marine in origin 
(Table 5.1). Atomic (OC/N) values were low, more typical of marine ((OCfN)a 6-8) than terrestrial 
sources (OC/N) a > 20), and 5 13C values were also more comparable to those of marine source 
organisms (average 5 13C = -18 to -20 % for marine versus 813C = -26 to -28 % for terrestrial; Libes, 
1993). These 8 13Corg values are in agreement with values observed in spring-summer 1995 on the 
Hebrides Margin just to the southeast of site B by Mitchell et al. (1997), which was also suggested to 
be primarily of marine origin. Sample amounts did not permit lignin analyses to be conducted on 
sediment trap material preventing estimations of the relative proportions of marine and terrestrial OM, 
to be made. 
Table 5.1 Bulk properties of material collected in upper and lower sediment traps at BENBO 
sites A and B where values represent averages over the whole sampling period adjusted for 
proportion of mass flux for whole sampling period see text above. Average values for surface 
sediments for each site CD111 and CD113 (0-1 cm horizon) and of fluff material collected at site 
C during CD113 are included for comparison. 











Site A-1000mal 3.80 79.6 0.89 -23.05 4.97 17.61 2.16 14.76 7.16 0.60 
Site A-l00mab 2.21 74.6 0.50 -21.64 5.16 25.72 0.86 11.06 4.229 0.67 
Site B-300mab 7.85 85.6 1.70 -20.78 5.39 13.49 5.82 36.93 51.87 0.90 
SiteB-100mab 6.44 80.2 1.30 -21.61 5.80 11.30 5.70 38.40 15.98 2.38 
Fluff (Site C) 0.50 9.1 1 	0.08 1 	-19.31 6.10 31.07 0.16 2.39 0.57 0.16 
Site A, 0-1 cm 0.38 78.5 0.06 1 -21.24 7.37 1 14.37 0.27 0.98 0.38 0.07 
Site B, 0-1 cm 0.57 84.3 0.09 -19.56 7.55 11.22 0.51 1.82 0.79 0.14 
Site C, 0-1 cm 0.65 57.8 0.10 -20.18 7.57 24.95 0.27 1.94 0.67 0.07 
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5.2.2. Nature, form and seasonality of material delivered to and 
transformation across the BBL. 
In order to confirm that the low OC: SA ratios in BENBO sediments compared to those typically 
found on continental margins, can be attributed to elevated exposure to oxic porewaters, it is 
necessary to determine the OC: SA ratio of inputs to the BBL and the sediments. If the low OC: SA 
ratios in deep sea sediments result specifically from prolonged benthic OET's overcoming sorptive 
preservation, then the OC: SA of incoming material to the BBL at BENBO sites should display OC: 
SA loadings in excess of the Continental Margin Loading range (i.e. > 0.5-1.1 mg OC m 2. However, 
if OC: SA ratios of sinking material, the proposed primary source of OM to deep sea sites, is lower 
than this range, then prolonged exposure to alteration processes within the water column must be 
invoked. 
In this section, variations in OC: SA ratios of water column particulates at sites A and B are 
investigated in sediment trap samples collected between August 1997 and April 1998. Although these 
samples do not span a complete annual cycle, they permit the OC: SA ratio of sinking material 
collected during bloom and non-bloom conditions to be assessed. These sample OC: SA ratios have 
then been used to determine whether seasonal variations in the SA-normalised OC flux to BENBO 
sites exist. Comparison of water column OC: SA ratios between sites A and B, should reveal to what 
extent variations in the OC: SA of sediments at these sites were influenced by particulate sources. To 
the authors best knowledge, this is the first time that OC: SA ratios have been calculated for sediment 
trap material. 
Seasonality in OC inputs 
In Section 2.4.3 it was suggested that the spring bloom began prior to CD  11 at site A and between 
CD1 11 and CD1 13 at site B. The bloom timing at these two sites was confirmed by the time series 
sediment trap OC flux data (total mass flux x %OC on weight basis; Figure 5.1). In Section 4.3, a 
lack of enrichment in surface sediment %OC and %TN values (Figure 4.4 and 4.5) but the high OC 
flux in April 1998 (Figure 5. 1), suggests that the bloom had began in March! April 1998. Therefore, 
the CD ill and CD 113 cruises probably did not constitute "pre-bloom" and "post-bloom" 
environments, and sediments collected at site A during CD 111 probably included material delivered 
to the sediments as a result of the bloom. The absence of an increase in OC flux at site B in March! 
April 1998 appeared to confirm the later onset of bloom conditions at this site and suggests that 
CD 111 and CD 113 can be considered as pre- and post-bloom conditions, respectively, at site B. 
Evidence for the presence of an autumn bloom in 1997 was observed in trap material at both sites as 
elevated OC fluxes. There again appear to be differences in the timing of the bloom at the two trap 
sites. At site A, bloom conditions appeared to be over by the end of September in contrast to site B 
where delivery of material to the seafloor continued into October. Unfortunately, it has not been 
possible to compare the magnitudes of the material sinking through the water column resulting from 
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either the autumn or spring bloom at these sites because the proposed annual deployment was 
unsuccessful. Therefore, it appears that material associated with the spring bloom had begun to arrive 
at site A by cruise CD  11, but that significant "fresh" OM had not been delivered to site B within the 
last six-seven months, i.e. the time since the autumn bloom, meaning that material collected during 
CD 111 did represent non-enriched sediment. The bloom at Site C, at similar latitude and therefore, 
pattern of insolation as site B, appeared also to take place in May 1998 leading to a substantial fluff 
layer at site C during CD1 13. 
Change in particle type. 
Sediment trap OC contents were normalised to sample SA to investigate whether material being 
delivered to deep sea sediments, similar to the sediments themselves, displayed OC: SA loadings < 
0.5 mg OC m 2. This is the first time to my knowledge that such measurements have been made and, 
therefore, they have provided the first assessment of where the transition from sorptive preservation of 
OM associated with mineral grains is overcome by exposure to 02. 
Normalising sediment trap OC content to sample surface area for time-series sediment trap samples, 
the first time that this has been reported, revealed information on OM delivery to BENBO sediments 
not evident from OC flux data alone. The OC: SA ratios of all time-series sediment trap samples (Site 
A: 0.74 - 3.49 mg OC m 2 , Site B 5.07 - 25.40 mg OC m 2) are higher than the OC loading typical of 
continental margin sediments (0.5 - 1.1 mg OC n12), suggesting that even for deep sea sites, where 
surface sediments have low OC loadings <0.5 mg OC m 2, material sinking through the water column 
has elevated OC: SA ratios (Figure 5.1). This clearly demonstrates that processes occurring in the 
BBL dramatically alter sedimenting particles prior to their incorporation in the sediments. 
Particles are known to undergo degradation during transit through the water column (e.g. Wakeham 
and Lee, 1993), and this was reflected in the OC: SA ratios of BENBO sediment trap samples (Figure 
5.1). Material collected in site B traps had higher OC: SA ratios than material collected at site A, 
reflecting the shorter water column through which this material had passed. At site A, where trapping 
depths were separated by 900m degradation during transit was apparent from the decrease in OC: SA 
from the upper to the lower trap. 
This was also the case at site B, with the exception of the first trapping period when the lower trap 
contained particles of higher OC: SA than the upper trap in autumn. This perhaps illustrates that the 
material collected during the first trapping interval at site B arrived as a result of an autumn bloom 
that had been missed by the upper trap as sampling was begun too late in the year at this depth, to 
collect such particles. The delivery of material associated with an autumn phytoplankton bloom was 
also demonstrated at site A, as was the spring bloom at this site. During the spring bloom period at 
this site, OC: SA increased to a maximum of —j 2.9 in the upper trap compared with OC: SA - 1.8 
during the winter. At site B, there was also evidence for a change in particle type associated with a 
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Figure 5.1 Time series plot of organic carbon flux collected in upper (black line) and lower (grey 
line) sediment traps at BENBO Sites A and B. NB Regions where lines are horizontal indicate 
the periods over which material was collected and/or combined to form one sample. Trap depths 
are given in the legend where 'mab' stands for 'metres above bottom'. 
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spring phytoplankton bloom although the onset of the spring bloom was not indicated by an increase 
in OC flux. The upper trap at site B collected material with an OC: SA - 25 at the end of the 
deployment period, indicating that a change to particles that are more OC-rich and more typical of 
phytoplankton, began to collect in this trap. Phytoplankton blooms therefore appear to result in an 
increased rain rate of OC and an increase in OC-rich particles with peak OC fluxes corresponding to 
peaks in OC: SA. In the trap samples collected immediately after the bloom, the particles collected 
had a higher CaCO3  content possibly reflecting a succession to the delivery of particles originating 
from carbonate-mineralising zooplankton grazers (e.g. foraminifera and coccolithophonds). During 
the winter period, the properties of sinking particles varied between sites and between trapping depths, 
appearing to result from the incorporation of resuspended material in lower traps. 
It, therefore, appears that the key site for alteration bringing about the observed low OC: SA loadings 
in deep sea sediments is not within the water column in this region over these water depths. However, 
alteration, within the water column does lead to a reduction in the OC: SA ratios of sinking material 
with increasing distance from the euphotic zone. Further variation in the OC: SA ratio of sinking 
material appears to result from seasonal changes in particle type, with particles of relatively high OC: 
SA being associated with times of spring bloom particulate export. 
Resuspension 
Organic C in particles sinking through the water column is degraded during transit (e.g. Suess, 1980) 
leading to a reduction in flux with increasing depth if there are no inputs from other sources. In 
addition to the collection of sinking material (the "primary" flux), sediment traps have been found to 
collect particles of resuspended sedimentary material (termed the "rebound" flux; Gardner et al., 
1985; Walsh et al., 1988) if positioned within the nepheloid layer. Evidence for such lateral/ 
resuspended inputs (i.e. material advected in, possibly from great distances away, versus locally 
resuspended sediments), was indicated in the lower trap at site A, by higher OC-fluxes in the lower 
trap relative to the upper trap during October and at the end of the sampling period from November to 
March. The winter flux at site B was lower than at site A and there was no evidence for resuspension/ 
lateral inputs at this site. This was perhaps due a combination of the lowest mean benthic current 
speeds of any site (Figure 2.5), and to the more cohesive nature of sediments at site B, possibly 
resulting from the presence of sponge spicules at this site (Section 2.4.4). 
The higher fluxes in the lower, compared to the upper trap at site A were accompanied by minima in 
particle OC: SA and lower CaCO 3 contents, the dominant material found in the sediment (Figure 5.1). 
During this period, material collected in the lower trap at site A had a higher surface area, and the 
surface area of this material was greater than in the underlying sediments. In contrast, particles at site 
B during winter were of variable CaCO 3 content, and of lower SA than material at site A and the in 
sediments below. The higher surface area and lower %CaCO 3 of material in the lower trap at site A 
suggests that during winter resuspension/ lateral inputs led to the dilution of the primary flux by 
carbonate-poor material in this trap. A number of factors indicate that this material was laterally 
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advected to site A. Firstly, resuspended material has been shown to reflect the composition of 
underlying sediments (Gardner et al., 1985), but the material collected during winter at site A had a 
lower CaCO3 content and higher surface area than underlying sediment particles. Selective 
winnowing of fine-grained CaCO 3-poor material can not account for this because CaCO 3 particulates 
contribute significantly to the finer grained material at this site (see Chapter 6). Also, grain-size data 
indicated that sediments were generally greater than the maximum cut-off for "easily resuspendable" 
material (>20 gm, Gardner et al., 1993) at site A, so most of the particles in sediments at this site will 
not be resuspendable. The SA of material collected in the bottom trap at site A (-25 m2 g'), was in 
fact more comparable to SA measurements in sediments at site C that were of a higher clay content 
and where a large nepheloid layer was observed (Section 2.4.3). The depth of the BNL at both sites A 
and B, was estimated in Section 2.4.3 to be < 100 mab and, therefore, resuspended material appeared 
not to be incorporated in lower trap samples. However, the BNL depth is likely to vary, and in 
particular increases during storm events not encountered during cruises, and thus influence trap 
samples. On closer inspection of water-column particle concentrations at site A during CD!! 1 
(Figure 2.6), a small peak can be seen just above 100 mab. These particles are unlikely to contribute 
significantly to sedimentation in their own right because the sinking rates of BNL particles on their 
own are too slow to contribute significantly to the vertical particle flux (McCave, 1975). However, 
the clay particles in this water body may be "scoured" by sinking particles. Similarly, it was 
suggested in Section 4.4.1 that the scouring of clay particles by sinking OM in the water column 
contributed to the high surface area of fluff material. 
Therefore, it appears that laterally advected rather than resuspended material was collected in the deep 
sediment trap at site A, resulting in the incorporation of low-CaCO 3, high SA material to the flux at 
site A during winter. In contrast, there was no evidence for the incorporation of resuspended or 
laterally advected material to the deepest trap at site B, which was perhaps as a result of the lower 
current speeds and the more cohesive nature of sediments at this site. 
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Figure 5.2 OC, total hydrolysable amino acid (THAA), hexosanune and carbohydrate content 
(dry wt.) of shallow and deep sediment trap material, fluff and sediments at BENBO sites. 
Sediment trap values are those presented in Table 5.1 and sediment concentrations, for 
simplicity, are averages of CDIII and CDII3. 
5.2.3. Extent of Biochemical Alteration Across the BBL 
The extent of alteration across the BBL is demonstrated in Figure 5.2. Percent OC content and 
carbohydrate yields decreased with proximity to the seabed. Although a less "uniform" pattern was 
observed in THAA and particularly hexosamine yields, a general trend of decreasing yield with 
increasing distance from the euphotic zone was still evident. These consistent losses of both bulk OC 
and biochemicals indicate that the flux of material to the seafloor was subject to significant alteration 
and cycling. The fluff material, sampled within the BBL, was more similar to sediments for all 
parameters, than material collected within the water column. The most dramatic losses, observed 
between the deepest sediment traps and surface sediment, demonstrate the BBL to be an important site 
of OM alteration. Losses across the BBL at site B were greater than at site A. This probably results 
from the shorter water column at this site allowing OM of higher quality (and possibly quantity, 
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although direct measurements of annual OM inputs could not be made), to reach the BBL providing a 
greater stimulus for benthic activity. This was borne out by elevated bacterial activity and 
macrofaunal abundances at site B (Section 4.6.2, Table 4.3). Losses were smallest for %OC (site A: 
one-in-six and site B: one-in-eleven, remaining) followed by hexosamines (site A: one-in-ten and site 
B: one-in-seventeen, remaining) with carbohydrates and amino acids decreasing most, by 
approximately the same amount (site A: one-in-eleven and site B: one-in-twenty, remaining). Amino 
acids and carbohydrates thus appear to be preferentially remineralised across the BBL and all three 
biochemical groups were more reactive than bulk OC. Losses of identifiable biochemicals with 
increasing degradation have been seen in a number of other studies (e.g. Hedges et al., 1988; 
Wakeham and Lee, 1989; Cowie and Hedges 1991; Emerson et al., 1995; Columbo et al., 1996; 
Wakeham et al., 1997). 
In summary, a general pattern of increasing OM alteration with increasing distance from surface 
waters was evident from decreases in both bulk OC and biochemical yields and the BBL appeared to 
be a significant site for this alteration. Losses across the BBL were greater at the shallower site B than 
at site A probably as a result of the higher quality of the OM reaching the BBL at site B that would 
have provided a greater stimulus for benthic organisms. Fluff material was more similar to sediments 
in its OC biochemical yields than to material collected in sediment traps. 
5.2.4. Degradation state of material across the BBL 
In the previous discussion, time-series data showed a decline in OC: SA between upper and lower 
traps indicating that sinking particulate material at sites A and B becomes progressively more 
degraded with increased transit time through the water column (Figure 5.1). OC: SA data also 
indicated that sediment trap material was relatively fresh compared to sediments. The degradation 
state of material collected in sediment traps has been investigated further, through elemental and 
biochemical analyses on "amalgamated" trap samples (i.e. time series samples combined in proportion 
to the total flux accounted for) for each trap depth at each site, and compared to surface sediment 
samples to investigate OM content compositional changes across the BBL (Table 5.1). 
Material in sediment traps, in agreement with the results of numerous other studies (e.g. Suess, 1980), 
had a much higher OC content than surface sediments, and trap material %OC values decreased with 
increasing water depth (Table 5.1). Site B trap material contained more OC than site A, probably 
because of the shorter distance through the water column that this material had travelled, which 
reduced the likelihood of ingestion because of the shorter transit time, prior to collection in the traps, 
although productivity differences between sites A and B may also have been of influence. In general, 
it was noticeable that the properties of material in the two site B traps, separated by 200 m of water, 
were more similar to each other than those of the two traps situated at site A that were positioned 900 
m apart. The OC content of fluff material, as discussed in Chapter 4, was not enriched compared to 
surface sediments, and was much lower than even the deepest sediment trap samples. Percent 1'N in 
trap samples followed the same pattern as %OC (Table 5.1). Increasing (OC/N) a between upper and 
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lower traps, fluff material and sediments, suggested that N-rich OM was being preferentially 
remineralised during sinking and incorporation into sediments. The 8 13COrg values of sediment trap 
samples and surface sediments at site B were also consistent with the removal of labile OM with 
increased depth at site B. During diagenesis, a small enrichment in 12C compared to 13C is thought to 
occur through preferential utilisation of more labile compounds, such as amino acids and 
carbohydrates, that are ' 3C-enriched relative to the bulk source organisms (Libes, 1993). At site B, 
' 3C became enriched between the upper and lower trap and between traps and sediments, although 
there was a decrease in 8 13CO18 values between traps and sediments. A similar lack of enrichment was 
seen at site C between fluff material and surface sediments. However, at site A material collected in 
the lower trap was not more ' 3C-enriched than the upper trap material. 
As in sediments, CaCO 3 is still the dominant mineral type collected in traps (Table 5. 1, Figure 5.1). 
Decreases in %CaCO 3 between the two trap depths at each site suggest that carbonate dissolution 
occurred during transit. The dissolution of calcium carbonate has been observed previously (e.g. 
Hernes et al., 2001) even when, as is likely in this case, the water is supersaturated with respect to 
calcite (Schultz and Zabel, 2000). 
A general pattern of increasing degradation with increasing water depth i.e. site B upper trap < site B 
lower < site A upper trap < site A lower < fluff z sediments, was indicated by bulk elemental 
parameters of amalgamated trap samples. However, biochemical data show a different pattern of OM 
reactivity and degradation state (Table 5.1). Labile biochemicals such as amino acids and 
carbohydrates, are typically preferentially degraded in the water column (e.g. Lee and Cronin, 1984; 
Ittekot et al., 1984a,b; Cowie et al., 1992; Wakeham et al., 1997). Although as expected, carbohydrate 
yields were greater in the upper compared to the lower sediment trap at site A and B, this was not 
universally the case for amino acid or hexosamine yields. Amino acid yields were greater in the lower 
trap at site B, and hexosamines were present in greater amounts in the lower traps at both sites. Thus, 
amino acids, carbohydrates, and hexosamines are subject to distinct cycling and/ or delivery processes 
that are distinguishable at sampling points separated, at site B, by relatively small depth differences 
and thus time periods. Similar to %OC, %TN and OC: SA, biochemical yields are much lower in 
sediments than in trap material but in contrast to elemental data, enhanced biochemical yields suggest 
that fluff material is less degraded than sedimentary OM (Table 5.1). 
The contribution of different biochemical groups to sediment OC can also be used to assess the 
relative degradation of OM in different samples (Figure 5.3). One indicator of the degree of OM 
alteration is the percentage of OC that is in the form of amino acids and aldoses (Cowie and Hedges, 
1994). This parameter has been described as being the most sensitive to early stages of alteration 
although, in some cases, it is subject to dilution by refractory material (Cowie and Hedges, 1994). 
This is demonstrated by comparison of compositional data for sediment trap, fluff and surface 
sediment samples for both CD 111 and CD 113. Values for surficial and deep sediments have been 
included for comparison. 
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Figure 5.3 Percentages of OC accounted for by C present as the identifiable biochemicals amino 
acids (%AA-C), hexosam.ines (%HA-C), total neutral sugars (%TNS-C) and, where measured, 
lignin (%Lig-C) versus uncharacterised OC (UnCh OC) in BENIBO sediment trap, fluff and 
sedimentary material. Proportions of identifiable biochemical-C are presented for surface 
sediments collected during CD111 and CD113 and for "average background" material here 
defined as the average composition of material at -45-16 cm depth in sediments collected at each 
site during CD111 and CD113. 
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Site B sediment trap material had the greatest proportion of OC present as identifiable biochemicals, 
and the least degraded material was intercepted in the upper trap. At site A, material collected in the 
lower trap, based on the proportion of identifiable biochemicals, was less degraded than the material 
collected in the upper trap even though the upper trap at this site had a higher OC content. 
Hexosamines, generally a relatively minor component of identifiable OM, contributed more to OM in 
the lower than in the upper trap. Hexosamines also increased with increased trap depth in material 
collected in the Arabian Sea. This was attributed to the resistance of chitin, a biopolymer containing 
glucosamine, and to the relative enrichment of bacterial biomass that also contain hexosamines 
(Haake et al., 1992). Sample limitations prevented assessment of the contribution of lignin carbon to 
bulk OC in sediment trap samples. 
Fluff material contained less identifiable OC than trap samples but more than in sediments, suggesting 
that this material was of "intermediate" degradation state relative to these two other samples sets and 
that OC content alone is not necessarily a good indicator of OM degradation state. At sites B and C, a 
higher proportion of OC was accounted for in sediments collected during CD 113, indicating that 
"fresh", less degraded material was deposited at these sites as a result of the spring bloom between 
CD 111 and CD 113. In contrast to this, the proportion of characterisable OM did not increase at site A 
between CD 111 and CD 113. I suggest this was because material associated with the bloom had 
already reached the sediments at the deeper and more southerly site A, by the time they were first 
sampled on May 7th,  although amounts of deposited material were not sufficient to form a visible 
"fluff' layer. 
In the sediments, amino acids generally contributed the greatest proportion of sediment OC, followed 
by carbohydrates, with hexosamine and lignin forming only minor components of OM. The low,  
proportion of lignin OC (< 0.1% of OC), confirms terrestrial OM to be a very minor constituent of 
BENBO sediments. At all three sites the proportion of identifiable biochemicals decreased between 
surface horizons (pre- and post-bloom) and depth but only by a relatively small amount (Figure 5.3). 
Greater than 80% of OC was not identifiable at the molecular level in BENBO sediments and in fluff 
material. Similarly, 80% of OC in sediments studied in the deep Equatorial Pacific could not be 
identified at the molecular level as amino acids, carbohydrates, pigments, or lipids (Wakeham et al., 
1997). In contrast, 25 - 50% of OC in sediment trap samples could be identified as amino acids, 
carbohydrates or hexosamines. It therefore appears that although the fluff material at site C contained 
higher yields of identifiable biochemicals than underlying sediments, it had nonetheless undergone 
extensive degradation compared with sediment trap material and was more similar to sediments. 
Thus, major changes in OM content and composition appear to occur in the BBL as sinking material 
passes through the base of the water column and into the sediments. 
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5.3. Sedimentary Diagenetic Processes and Preservation Controls 
In Figure 5.3, losses of identifiable biochemicals with increasing burial depth were shown to be small 
in BENBO sediments relative to those seen across the BBL. However, processes occurring within the 
sediments are critical as they will determine what is ultimately incorporated into the sedimentary 
record. In the following sections, biochemical content and compositions are used to investigate 
diagenetic processes within the sediments before and after the bloom, relative to those in the water 
column, with the goal of determining the factors that influence the proportion and composition of OM 
ultimately preserved at the three BENBO sites. It is stressed that these analyses were conducted for 
each cruise (CD 1 11 and CD1 13) on single cores collected at each site and as such no assessment of 
intra-site variability can be made. However, the possibility of heterogeneity within each site has been 
borne in mind whilst drawing conclusions from the analyses presented below, and is likely be 
significant mainly for upper sediment horizons where seasonal variations should be most evident. 
Differences in the behaviour of various pools of OM with previously observed differences in their 
intrinsic reactivities have yielded mechanistic information of the factors determining OM content and 
composition at these sites. 
5.3.1. Degradation State of Terrestrial OM 
Lignins are phenolic polymers that exist solely as structural components of vascular plants (Sarkanen 
and Ludwig, 1979). These have been used in a number of studies (e.g. Hamilton and Hedges, 1988; 
Hedges et al., 1988; Hedges et al., 1997) as a marker for terrestrial organic matter as they are only 
produced in terrestrial environments (Ertel and Hedges, 1984). In Chapter 4, lignin yields were 
presented indicating that inputs of terrestrially-derived OM to BENBO sediments were low, but lignin 
compositional parameters can also be used to assess the type of plants that this land-derived material 
originates from. They can be used to indicate whether material comes from angiosperms (grasses and 
many deciduous trees) or from gymnosperms (e.g. conifers), whether the plant material is of structural 
or tissue origin, and whether the terrestrial OM has undergone significant degradation. Within the 
CuO oxidation products are three classes of phenols that are grouped according to their structure as 
follows: vanillyl (vanillin, acetovanillone, vanillic acid), syringyl (syingealdehyde, acetosyringone, 
syringic acid) and cinnamyl phenols (p-coumaric and ferulic acids). Plots of the ratios of these groups 
(S/V vs. CAT) can differentiate between plant sources because, although all plants contain vanillyl 
phenols, gymnosperm woods are devoid of cinnamyl and syringyl phenols, syringyl phenols are 
produced exclusively by angiosperms, and cinnamyl phenols are produced only in high yields by non-
woody angiosperms and gymnosperm tissues (Hedges and Mann, 1979; Bergamaschi et al., 1997). 
A plot of S/V versus C/V for BENBO surface sediments (0-1 cm horizon) and fluff material (Figure 
5.16) showed that all sites plot outside the ranges measured in fresh vascular plant material of various 
types. It should be noted that lignin phenols, however, were present only at extremely low levels in 
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A-angiosperm woods 
a-nonwoody angiosperm tissue (grasses, leaves) 
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Figure 5.4 Plot of lignin phenol weight ratios (weight yields) for surface 0-1 cm sediment 
horizons of BENBO sediment. Each data point is labelled with the cruise number and the site at 
which it was collected. Zones are plotted from source data presented by Hedges and Mann 
(1979). See text for full explanation of terms. 
these sediments, so any compositional interpretations are compromised. Interpretation is further 
complicated by the fact that during diagenesis, the selective removal of syringyl and cinnamyl phenols 
has been observed (i.e. with increasing degradation both S/V and C/V decrease) leading to an apparent 
bias towards gymnosperm tissues (Hedges et al., 1988). The presence of measurable quantities of 
syringyl and crnnamyl phenols indicates that angiosperms and non-woody vascular plant tissues 
respectively, are contributors to sediments. However, the low S/V ratios in all samples, suggest a 
predominance of gymnosperm material which, coupled with a range in C/V ratios, is a mixture of both 
woody and non-woody tissues. Although lignin is a relatively refractory component of sedimentary 
OM, it is susceptible to slow oxic degradation (Benner et al., 1984). It is also possible through 
compositional parameters, to assess the degradation state of lignin material. Within the vanillyl and 
syringyl groups, phenols with an acid, aldehyde and ketone functionality occur, the ratios of which 
can be used as an indicator of the degradation state of the lignin (Hedges and Mann, 1979). A higher 
ratio of acid to aldehyde phenols (Ac/Al) among the syringyl and vanillyl phenols indicates that the 
lignin and thus the terrestrially-derived OM, is more degraded (Hedges et al., 1988). 
The (Ac/Al) of vanillyl phenols in BENBO surface sediments (0-1 cm horizon) at sites A and B, and 
at site C during CD 111, are higher than that of the fluff material, site C sediments during CD 113, and 
material from Dabob Bay, a coastal ocean site (Figure 5.5). While ratios are again compromised by 
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Figure 5.5 Plot of acid: aldehyde ratios (Ac/Ad) for lignin phenol weight ratios (mgIlOOmg OC) 
of vanillyl and syringyl phenols for surface 0-1 cm sediment horizons of BENBO sediment, fluff 
material lying on the sediment surface at site C during CD113, and a sample from Dabob Bay 
collected at 34 cm sediment depth, whose lignin content has been published previously. Each 
data point is labelled with the cruise number and the site at which it was collected. See text for 
full explanation of terms. 
only the fluff material and CD!! 3 site C (post-bloom) sediments are comparatively unaltered. 
Typical ratios of (Ac/Al) v are 0.3 for coastal sediments (Hamilton and Hedges, 1988; Hedges et al., 
1988) and may be as high as (Ac/Al) ~!l in deep sea sites. BENBO sediments fall within this range 
and within the range of possible source types (fresh-most degraded: vascular plants - 0.15 ± 0.05, soil 
organic matter— 0.6- 0.8 and humic material in soils —0.8 -2.3; Hedges et al., 1988) suggesting an 
"intermediate" degree of diagenetic alteration. 
5.3.2. Weight- and OC-normalised yields 
Total yields of hydrolysable amino acids (THAA; mg/g dry wt.) were low in sediments at all three 
sites, but were particularly so at site A (Figure 5.6). The two shallower stations (B and C) gave yields 
approximately double those of site A, and it is at sites B and C that increased THAA yields in surficial 
sediment horizons were apparent after the bloom, supporting a recent input of fresh OM indicated by 
elevated OC (Figure 4.4). Carbohydrate yields in BENBO sediments were low at all three sites with 
site A again giving the lowest yields (Figure 5.6). Coastal sediments typically contain 3-10 mg 
neutral sugars per gram sediment (dry weight) (Cowie and Hedges, 1984; Hamilton and Hedges, 
1988). Overall, site B contained more carbohydrates than site A and then C, which was a different 
pattern to what was seen in THAA and bulk OC (i.e. B C >> A). A post-bloom enrichment in 
carbohydrates was observed only at site B, and at site A carbohydrate yields on a weight basis, 
appeared to decrease between CD11 1 and CD1 13. Hexosamine yields were highest at site B, 
followed by site C and site A, which contained approximately equal amounts, and there was not as 
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large a difference in hexosamine yields between the three sites as was seen in THAA yields (Figure 
5.6). Fluff material contained a similar amount of THAA and carbohydrates to surface (0-0.5 cm) 
sediment collected at site C during CD 113. However, fluff material was enriched in hexosamines 
compared with surface sediments below. 
THAA yields decreased with increasing depth in sediments, with the largest decreases occurring over 
the top 3-4 cm at sites B and C and slightly deeper at site A. Below these upper horizons amino acid 
concentrations became more uniform, seemingly approaching an asymptotic value. This 
"background" value was lowest at site A with higher and similar "background" yields measured at 
sites B and C. Thus, amino acids appear to be undergoing in situ degradation with the greatest losses 
as a proportion of sediment yields, occurring at the deepest site, site A, where exposure to oxic 
porewaters was the most prolonged. Similar profiles showing an exponential type decrease were 
observed by Grutters et al. (200 1) on the Goban Spur just to the south of BENBO site A and THAA 
yields were of a similar magnitude to those measured in this study. Carbohydrate yields also generally 
decreased downcore although the profiles were more variable. Sites B and C sediments also contained 
approximately equal amounts of carbohydrate at depth, which were higher than those measured at site 
A. In contrast, total hydrolysable hexosamine yields (THHA) behaved unlike amino acids and 
carbohydrates (Figure 5.6). While poor precision for replicate analyses of a site C sample may make 
apparent downcore trends uncertain, those at the other sites were not compromised. Hexosamines 
appear to be accumulating with depth over the top 5cm at all three sites. Below this depth, 
hexosamine yields generally decreased at sites A and B and were more constant at site C, although 
there was some scatter in hexosamine data at depth at site B and C. At depth, hexosamines were 
present in the lowest concentrations at site A, and were much lower than the concentrations at site B 
and C, which were again of similar magnitudes. 
In summary, yields of amino acids and carbohydrates are low at all three sites and yields in fluff 
material are comparable to those measured in sediments. Carbohydrate yields were greater in CaCO 3-
rich sediments (site A upper horizons and site B) suggesting that the higher yields of these compounds 
may reflect the presence of OM associated with CaCO 3-biomineralising organisms, whereas amino 
acids were more enriched in at the shallower sites (sites B and C) suggesting that the distribution of 
these compounds may largely reflect heterotrophic OM consumption. Hexosamine yields were 
greatest at site B, although there was less of a range in hexosamines than in the yields of either amino 
acids or carbohydrates. Amino acid and carbohydrate yields decrease with depth indicating that these 
biochemicals are subject to in situ degradation whereas variable or even increasing hexosamine yields 
indicate that the distribution of these compounds was decoupled from the OM degradation processes 
influencing the distribution of amino acids and carbohydrates. 
Normalising biochemical yields to OC permits assessment of potentially diagnostic trends in 
biochemical yields that are independent of changes in bulk OM content. 
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rigure .0 uowiieore pruities 01 toiai nyuroiysaoie amino acm (ItJAA), nexosamine, anci 
neutral sugar yields (salt-corrected dry weight) for sediment collected at BENBO sites A, B and 
C, during CD111 (•) and CD113 (0) and fluff material collected at site C during CD113 (A). 
Error bars indicate absolute range for replicate samples (n=2). Note: a number of error bars, 
especially for amino acids, are too small to be visible at the above scales. 
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Figure 5.7 Downcore profiles of OC-normalised total hydrolysable hexosamines (T}IHA), 
hexosamine and neutral sugar yields (salt-corrected dry weight) for sediments collected at 
BENBO sites A, B and C, during CD111 (•) and CD113 () and fluff material collected at site C 
during CD113 (A). Error bars indicate absolute range for replicate samples (n=2). 
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The OM in surface horizons at site B was more amino acid-rich than material at sites A and C that 
contain approximately similar yields (Figure 5.7), which was in contrast to the pattern seen in mass-
normalised amino acid yields (i.e. B - C > A). Thus, on this basis surficial material at site B appears 
to be "fresher" than material at sites A and C. The fluff material had a significantly higher OC-
normalised amino acid content than sediments providing further biochemical indication that this 
material was comparatively fresh, explaining the observed bacterial response at site C (Section 4.6.2). 
As was observed in biochemical weight yield profiles, the most active zone appears to be the top 
—3cm of sediment at sites B and C, and slightly deeper at site A, coinciding approximately with the 
depth of oxygen penetration (-8 cm, —2.1 cm and —2.1 cm at sites A, B, and C, respectively). 
Downcore profiles of OC-normalised amino acid yields were uniform or decreased slightly, with 
depth at sites B and C, and decreased by a greater amount at site, A with ultimately highest yields 
found at depth at site B followed by site C and then A. Amino acids in BENBO sediments were 
therefore as or more reactive than bulk OC. This is consistent with the findings of a number of 
previous studies (e.g. Hedges et al., 1988; Cowie et al., 1992). In surface horizons, OC-normalised 
carbohydrate yields were highest at site B and lower and approximately equal at sites A and C, 
following the same pattern that was seen in OC-normalised amino acid yields providing further 
evidence that in surface horizons site B material was the freshest (Figure 5.7). This probably resulted 
from the short water column at this site, which was shown to lead to OC: SA loadings more typical of 
Continental Margin Sediments at this site in Section 4.4. Fluff material did not contain elevated 
carbohydrates compared to surface sediments reflecting the fact that the carbohydrate content of 
marine source organisms is generally not high (Cowie and Hedges, 1996). BENBO carbohydrates fall 
at the lower end of the range of neutral sugar concentrations of 12 - 25 mg neutral sugars! 100 mg 
OC in coastal sediments (Bergamaschi et al., 1997) and those seen in the calcareous sediments of the 
deep Equatorial Pacific (10 - 30 mg/ 100 mg OC; Hemes et al., 1996). However, they were higher 
than those seen in clays in the deep Equatorial Pacific (2.9 - 4.6 mg/ 100 mg OC; Hernes et al., 1996) 
and in the fine sediments of the Cascadia Basin on the Washington Margin (< 3 mg/ 100 mg OC; Keil 
et al., 1997). Over the upper —3-4cm at sites B and C and the top 10-11 cm at site A carbohydrates 
became enriched within the OM and were more refractory than the bulk OC pool. This region of 
carbohydrate enrichment coincided with and thus was probably related to, the zone of greatest amino 
acid loss. Below this, OC-normalised carbohydrate concentrations decreased slightly indicating that 
carbohydrates were more reactive than the organic compounds that remained at depth in the sediment. 
At depth, scatter in the data at site A made it difficult to rank sites in terms of their carbohydrate 
content although site B sediments appeared to contain the most. As was suggested based on amino 
acid data, the higher OC-normalised carbohydrate content at site B is likely a result of the shorter 
water colunm but it is possible that additional contributions could arise from the sediment inputs that 
are coccolith-rich at this site. Biersmith and Benner (1998) showed that coccoliths have a higher 
proportion of their OC present as neutral sugars (30.5% OC as aldoses) compared to other potential 
phytoplanktonic sources (e.g. diatom whole cells 5 - 8% aldoses; Cowie and Hedges, 1996). In the 
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deep sea, carbonate sediments have been found to contain higher carbohydrate concentrations than 
clays (Hernes et al., 1996). 
In summary, background concentrations of mass-normalised amino acids and carbohydrates follow 
the trend of site B C > A compared with site B > C - A for OC-normalised yields. Therefore, the 
quality of OM buried appears to be greatest at site B, which was the site with the greatest OC per unit 
surface area (0.26 mg m 2) at depth (OC: SAback&o,,,,d:  B > C > A; Figure 4.9, Table 4.3). However, 
there appears to be less of a difference between OM quality at sites A and C where there were lower 
but quite different surface area loadings, 0.06 and 2.0 mg m 2 respectively. The comparable 
concentrations of amino acids and carbohydrates at depth at site A and C might result from the 
sorptive preservation of labile biochemicals in the glacial clays at site A, that otherwise would be 
expected to be remineralised in sediments of such low OC content and such low OC: SA. Like OC: 
SA ratios, OET does not, on first inspection, relate to the quality of OM at depth based on proportion 
OC-normalised biochemical yields in each site (OET: A > B > C; Table 4.3). However, as was 
evident from OC: SA data presented in Section 4.6.5, the OC: SA of material delivered to site C is 
low apparently as a result of the dilution of OM and the CaCO 3 mineral phase by highly degraded 
clays displaying low OC: SA ratios. The apparent lack of correlation between OC-normalised 
biochemical yields and OET may also be influenced by the hypothesised dilution of relatively fresh 
OM with highly altered OC depleted in the relatively labile biochemicals amino acids and 
carbohydrates measured here. If differences in OM quality between surface and depth are examined, 
it is apparent that there are much larger decreases in OC-normalised yields of amino acids and 
carbohydrates at site A compared to site C. Therefore, in situ OET appears to provide an excellent 
indicator of in situ degradation but, not surprisingly, does not take into account degradation prior to 
deposition. Hedges et al. (1999) found evidence for an oxygen effect across a transit of the 
Washington Margin with OM becoming more degraded as OET increased. It appears from BENBO 
sediments that it is possible to discern an oxygen effect downcore also. 
The exception to the general uniformity seen in the amino acid concentrations at depth was the 
presence of a sub-surface peak in TFIAA at 10-11 cm in a core collected at site C during CD 111. A 
subsurface peak was also observed in %OC and %TN at this depth (Figure 4.4 and Figure 4.5). It was 
suggested in Section 4.3.1 that this could be evidence for the transfer of labile material to depth. The 
higher concentrations of amino acid on a mass and OC-normalised basis, in the 10-11cm horizon 
compared to sediments above and below, lend support to this hypothesis. A deep subsurface peak in 
hexosamines was also observed at site C at 10-11 cm depth but there was no obvious peak in 
carbohydrates at this depth indicating that this subducted material was protein- and hexosamine- but 
not carbohydrate-rich. Other sub-surface peaks in OC-normalised amino acids were seen at site A at 
1.5-2 cm in both cores, perhaps indicating a period of relatively fresh OM delivery in sediments, 
although it did not lead to increased OC concentrations. 
OC-normalised hexosamine yields show the same pattern as those seen in hexosamine weight yields 
but trends are more pronounced. The distribution of hexosamines in BENBO sediments was clearly 
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decoupled from the processes that determined the bulk OM distribution. Hexosamines were 
preferentially enriched with respect to OC over the top 34 cm at sites A and B and perhaps at site C 
although this was less obvious and was compromised by poor precision for one of the samples. 
Below these peaks, which were of the greatest magnitude at sites A and B, concentrations generally 
decreased but were variable although clearly, the lowest yields were found in the glacial clays at the 
base of site A cores. Hexosamine concentrations are rarely measured in marine sediments and 
comparisons are further complicated by the intermittent use of correction factors to account for 
analyte breakdown when harsher hydrolysis conditions are employed. 
There are three ways that an increased yield of biochemicals with increasing depth downcore can be 
obtained. Either the biochemicals are being produced in situ, extremely hexosamine-rich material is 
becoming concentrated or non-steady state sedimentation is occurring. 
Hexosamines originate from a number of sources in the marine environment. They are probably most 
commonly recognised as a constituent of chitin, a polymer of N-acetyl-D-glucosamine (Lehninger, 
1982). Chitin is one of the most abundant nitrogen-containing macromolecules (Muzzarelli and 
Muzzarelli, 1998). Production of chitin is a primitive property of eukaryotic cells and it is present in 
many unicellular organisms (e.g. diatoms, rhizopoda, foraminifera, and cilliates; Poulicek et al., 
1998). Chitin is not present in prokaryotic organisms such as bacteria, but bacteria do contain 
hexosamines in other forms. Galactosamine is present, as is glucosamine, a component of bacterial 
cell wall polymers (Lehninger, 1982; Koch, 1990), typically yielding glucosamine: galactosamine 
ratios of 1-3 (Haake et al., 1992 and references therein). Galactosamine yields in zooplankton are low 
however (MUller et al., 1986). In animals, chitin is the basis of many structural components such as 
tubes, cuticles, shells and eggs in organisms such as molluscs, brachiopods, bryozoans, polychaete 
worms, and crustaceans, as well as part of peritrophic membrane of zooplankton faecal pellets 
(Poulicek et al., 1998). Crab and lobster shells are made of chitin and are impregnated with calcium 
carbonate to harden them (Lehninger, 1982). Chitin is associated with proteins and with inorganic 
compounds, most commonly CaCO 3 (Muzzarelli and Muzzarelli, 1998; Poulicek et al., 1998). Chitin 
is one of the most resistant biomacromolecules (Muzzarelli and Muzzarelli, 1998) and degradation is 
bacterially mediated yielding glucosamine (Poulicek et al., 1998). 
A number of other molecules within organisms contain hexosamines. Chitosan, another structural 
molecule, contains galactosamine (Muzzarelli and Muzzarelli, 1998). Acid mucopolysaccharides that 
are usually attached to proteins to form proteoglycans (protein and polysaccharide molecules where 
polysaccharides are most of the weight, often> 95%), also known as glycosaminoglycans, contain an 
amino sugar usually glucosamine or galactosamine (Lehninger, 1982). Chondroitin, for example, is a 
major polysaccharide of cartilage proteoglycans that contains galactosamine. Glycoproteins are 
proteins that contain covalently attached monosaccharide or short oligosaccharide units 
(polysaccharide is 1-30% of molecule by weight), form the majority of proteins on the surface of 
animal cells and contain galactosamine and glucosamine (Lehninger, 1972). Peptidoglycan molecules 
containing peptides and polysaccharides may also contain amino sugars. 
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In situ production of hexosamines is therefore clearly a possibility, probably, although not necessarily 
exclusively, as a result of by bacteria forming structural cell wall components. The upper part of the 
sediment, where the hexosamine enrichment occurred, is where bacterial concentrations would be 
expected to be highest (e.g. Craven, et al., 1986; Deming and Baross, 1993) and also where the 
greatest degradative losses of %OC (Figure 4.4), OC: SA (Figure 4.8), and amino acids (Figure 5.6) 
occurred. 
Selective preservation is also feasible if hexosamines are part of the organic matrix of the carbonate 
tests of foraminifera and coccolithophorids that constitute the major fraction of sediments at BENBO 
sites (Section 4.2). Hexosamines could become concentration if CaCO 3 dissolution occurs leaving 
organic matrix behind. CaCO 3 dissolution has been observed in sediments even above the lysocline as 
OM remineralisation causes sediments to become more acidic (Emerson and Bender, 1982; Archer, 
1986; Jahnke et al, 1986; Mucci et al., 2000). The organic matrices of foraminifera are known to be 
rich in glycosaminoglycans (Langer, 1992) and are therefore likely contributors to sediment 
hexosamine yields but no data on OM associated with coccolithophorids has been found. A number 
of other circumstances within BENBO sediment support the accumulation of CaCO 3-associated OM. 
Firstly, the yields of OC-normalised hexosamines (i.e. B > A> C) follow those of CaCO 3 (Figure 4.1) 
a trend that has not been seen in organic parameters presented thus far. Secondly, the absence of a 
deep subsurface peak at site A may be a result of enhanced degradation in the deepest sediments at 
this slowly accumulating site or alternatively, could result from a change in mineralogy from 
carbonate ooze to glacial clays. 
Alternatively, non-steady-state inputs or selective mixing and/ or burial of hexosamine-rich material 
could cause concentrations of hexosmaines to increase with depth. Non-steady-state inputs however, 
seem unlikely to be the cause because hexosamines are known to be primarily associated with proteins 
and no evidence was found for accompanying elevated amino acid concentrations. Selective mixing 
and burial may be a contributing factor but this would again rely on the association of hexosamines 
with foraminifera and/ or coccolithophorids. Particle-size analyses, supported surface area data, 
indicated a fining of sediments in the upper horizons analysed at each site (site A; 0-2 cm, site B: 0-4 
cm, site C: 0-2 cm). It is possible that this fine-material (<38 gm) was enriched in hexosamines 
relative to larger sediment grains. 
Fluff material contained higher yields of hexosamines than sediments probably due to presence of 
zooplankton skeletal debris (Fowler and Knower, 1986) diatoms (Poulicek et al., 1998) that contain 
chitin, carbonate-biomineralisers and high numbers of bacteria (see Section 4.6.2, Figure 4.10) 
containing both glucosamme and galactosamine. 
The dissimilarity between downcore profiles of mass- and OC normalised biochemicals demonstrates 
that amino acids, carbohydrates and hexosamines are subject to different cycling processes. Amino 
acid and carbohydrate concentrations appear to be controlled by in situ degradation processes, with 
the relative concentrations of amino acids and carbohydrates at depth reflecting the differing 
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reactivities of these biochemicals i.e. amino acid losses were greater indicating the these compounds 
were more labile than carbohydrates. They also reflect the degradation state of OM on input 
(incoming material to the sediments at site A were more degraded than incoming material to sites B 
and C), in situ OET, as indicated by the degree of in situ degradative losses, with possible sorptive 
preservation "maintaining" concentrations of labile material (measurable quantities of labile 
biochemicals at depth). In contrast hexosamine trends appear to primarily reflect mineral sources. 
5.3.3. Indices of Reactivity / Degradation in Sediments 
In the following section indices of OM reactivity and degradation state are presented in an attempt to 
confirm whether apparent differences between OM at depth in BENBO sites reflect differences in 
diagenetic alteration. 
Parameters are presented in Figure 5.8 that are sensitive to different stages of alteration. Cowie and 
Hedges (1994) showed that the percent amino acid contribution to total nitrogen (%AA-N) decreases 
with increasing degradation over whole range of degradation states from source organisms to heavily 
altered sediments. In BENBO sediments, %AA-N was highest at site B followed site C, with the least 
at site A and the percent amino acid contribution to OC (%AA-C) followed a similar pattern. BENBO 
surface sediments fall within the range %AA-N 30 (± 12%) and %AA-C 12 (± 10%) typically 
found in Continental Margin sediments (Keil, 1999) even though these sediments had relatively low 
%OC and %TN yields and OC: SA ratios more typical of deep-sea sites. Elevated %AA-N and 
%AA-C are found in fluff material compared to underlying sediments confirm the relatively high 
quality of OM present. Evidence for recent inputs of OM was also seen in elevated %AA-N at sites B 
and C but %AA-C increased only at site C. The fluff material, has however, been subjected to 
diagenetic alteration as %AA-N in fluff is lower than that seen in source organisms (50-80 %AA-N; 
Cowie and Hedges, 1994). In sediments, %AA-N is very much lower than is typical for source 
organisms confirming that, although the (CIN) a ratio in these sediments is equivalent to that seen in 
fresh protein (Figure 4.6, Section 4.3.2), this due to the presence of inorganic N. 
Downcore, both %AA-N and %AA-C decreased but, as has been seen in previous studies (e.g. Cowie 
and Hedges, 1991), by different amounts. The sharpest gradients were seen in %AA-N in the upper 3-
4 cm at sites B and C and the upper 8 cm at site A and larger gradients were seen in %AA-N than 
%AA-C. At depth, %AA-N and %AA-C was highest at site B, followed site C and then A, and only 
at site B did %AA-N remain within the boundaries of what is typical of continental margin sediments 
(i.e. %AA-N= 30 ± 12; Keil, 1999). However, it is likely that the contribution of inorganic N perhaps 
contributes to decrease in %AA-N downcore. It has been suggested previously that N-rich OM is 
preferentially adsorbed to clays (Cowie et al., 1995; Keil et al., 1997) but no evidence for preferential 
adsorption was found in BENBO sediments as OM in the clays at the base of site A cores did not 
contain elevated %AA-N. However, this remains equivocal, as these highly degraded glacial clays 
will have been severely modified. 
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Chapter 5: Molecular-Level Characterisation 
Figure 5.8 Downcore profiles of contribution of amino acids to sediment OC (%AA-C) and TN 
(%AA-N) yields; total carbon as amino acids and carbohydrates (%TCHO+THAA)-OC), and 
mole % contributions of the non-protein amino acids -alanine (BALA) and y-amino butyric 
acid (GABA) to the total hydrolysable amino acid yields, for sediments collected at BENBO sites 
A, B and C, during CD111 (•) and CD113 (0) and fluff material collected at site C during 
CD113 (A). Errors are sums of the full range of possible values. 
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As was seen in IITAA yields (wt.- and OC-normalised, Figure 5.6 and 5.7), a subsurface peak in 
%AA-C and particularly, in %AA-N at 10-11 cm in the site C core from CD 111 indicates the transfer 
of labile material to depth in this core. The %AA-N and %AA-C values were similar to, or perhaps 
slightly lower than those seen by Grutters et al. (200 1) on the Goban Spur just to the south of site A. 
It therefore appears that amino acids are an important fraction of degradable OC and particularly TN, 
and although the OC and TN contents are low in these sediments, a substantial portion of OC and TN 
is accounted for by these labile biochemicals. Percent AA-N and %AA-C were elevated in fluff 
material compared with underlying sediments suggesting that it contained fresher OM, although the 
fluff had been subject to some degree of alteration as %AA-C and %AA-N were lower than is typical 
for source organisms. Seasonal enrichments in %AA-N were seen at sites B and C but %AA-C 
increased between CD 111 and CD 113 only at site B indicating that the incoming OC to site B was 
less amino-acid rich and suggesting that the incoming material to sites B and C was biochemically 
different. The greater downcore decreases in %AA-N compared to %AA-C suggest that %AA-N is 
more sensitive to degradation with the greatest in situ losses occurring at site A and where OET was 
greatest. 
The sum of OC accounted for by amino acids and neutral sugars %(THAA + TCHO) has been shown 
to change only slightly over latter stages of alteration and is therefore thought to best reflect OM in the 
early to intermediate stage of alteration (Cowie and Hedges, 1994). The parameter %(THAA + 
TCHO) reflects behaviour of the major fraction of potentially reactive biochemicals in all samples 
making it sensitive to the presence of relatively unreactive materials such as lignin or humin or fossil 
OM (Cowie and Hedges, 1994) and might therefore be expected to decrease with depth as degradation 
proceeds. In surficial BENBO sediments %(THAA + TCHO) is highest at site B and lower and 
approximately equal at sites A and C, providing further evidence that OM at site B is less degraded. 
At site B, %(THAA + TCHO) is comparable to values typically observed in modem coastal sediments 
(15 - 20; Cowie and Hedges, 1994). Nonetheless, BENBO sediments were degraded compared to 
sediment trap materials (%(THAA + TCHO) - 25 - 48%) and source organisms (- 30 - 65%; Cowie 
and Hedges, 1994). 
Downcore at each site, profiles of %(THAA + TCHO) were almost featureless, maintaining a 
somewhat scattered but approximately uniform concentration with increasing depth. The exceptions 
to this are a subsurface peak at 10-11 cm at site A, a large drop in %(THAA + TCHO) at site A 
between carbonate ooze and glacial clay horizons, a subsurface peak at 10-11 cm at site C in the core 
collected during CDI 11, and evidence of post-bloom surface enrichment at C. The amino acid and 
neutral sugar contribution to OC in surface horizons (0-1 cm) at site C during CD 113 approached the 
elevated levels seen in fluff material (i.e. %(THAA + TCHO) - 20). The subsurface peak of fresher 
material at 10-11 cm at site C during CD 111 has been clearly indicated by other parameters and was 
mainly due in this case, to elevated amino acid contributions. The peak in both cores at 10-11 cm at 
site A was not obvious in previously discussed parameters. Possibilities include non-steady state 
delivery of OM to this site or the preferential utilisation of some unidentified component of the OM at 
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this depth. Therefore, there is no clear evidence in BENBO sediments for the conversion of labile 
biochemicals (e.g. THAA and TCHO) to other biochemical groups typically categorised as refractory 
"background" material (e.g. Westrich and Berner, 1984). OM buried at BENBO sites could have 
already passed the "early-to-intermediate" stage of alteration that %(THAA + TCHO) is reported to 
be sensitive to, or the labile biochemicals in sediments at these sites could be subject to some kind of 
preservation e.g. sorption to mineral surfaces (Mayer, 1994 a,b; Keil et al., 1 994a,b; Hedges and Keil, 
1995), or protection within a mineral matrix (Henrichs, 1992, 1993; Canfield, 1993). 
A further parameter that is indicative of degradation state is the contribution of the non-protein amino 
acids P -alamne (BALA) and y-amino butyric acid (GABA) to the total amino acid pool (mole %). 
BALA and GABA are thought to be produced during diagenesis by bacteria through the partial 
decarboxylation of the amino acids aspartic and glutamic acid, respectively (Lee and Cronin, 1982). 
In source organisms (phytoplankton, zooplankton, bacteria and vascular plants) non-protein amino 
acids are present in trace amounts (Cowie and Hedges, 1991), generally accounting for < 1% of total 
molar amino acid yields in fresh OM (Cowie and Hedges, 1994) and < 3 mole % in modem coastal 
sediments (Cowie et al., 1995). The parameter %(BALA + GABA) is sensitive to the advanced stages 
of degradation (Cowie and Hedges, 1994) and only becomes significant at low OM concentrations 
mostly in deep-sea sediments (Keil, 1999). 
In surface horizons, %(BALA + GABA) was highest at site C followed by site A, and then site B 
(Figure 5.8). This inter-site trend, is perhaps contrary to expectations, as site A, the site of greatest 
water depth, might have been expected to receive the most degraded material. This prevalence at site 
C probably reflects the higher clay content of sediments at site C (.-60%CaCO 3) compared with site A 
(-80% CaCO3) and the fact that non-protein amino acids are known to be associated with the non-
carbonate phase of sediments (apparently alumino-silicates), to which they are bound (Schroeder, 
1974), and are absent in foraminifers (Schroeder, 1975). Additionally, the higher %(BALA + GABA) 
in site C sediments could reflect the presence of a significant BBL that likely comprised of advected, 
relatively degraded clay material that would also have been subjected to numerous resuspension/ 
deposition cycles. All sites showed a constant %(BALA + GABA) profile over the top few 
centimetres, followed by a sharp downcore increase. This suggests that non-protein amino acids are 
being produced at the latter stages of degradation, as products of aspartic and glutamic acid. The 
increase is due to production of both BALA and GABA. Below this at sites B and C %(BALA + 
GABA) dropped slightly and then remained uniform to the base of the core with the exception of a 
minimum at 10-11cm in the site C (CD 111) core where fresher material was observed. Substantial 
accumulation of non-protein amino acids was only seen in the glacial clays at site A, probably 
reflecting the association of these amino acids with clay minerals and the numerous 
resuspension/deposition cycle undergone by this material as it was transported off shelf and along the 
margin leading to a long OET. 
Hedges et al. (1999) investigated the relationship between %(BALA + GABA), OC: SA and OET on 
the Washington Margin. In their study, %(BALA + GABA) ranged from - 2 - 7 mole % and was 
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found to show a negative relationship with OC: SA and a positive relationship with OET. While there 
is a general trend of decreasing OC: SA with increasing %(BALA + GABA) in BENBO sediments it 
is less robust than that seen by Hedges et al. (1999) (their Figure 8) and did not follow inter-site 
variations in OET (i.e. A > B > C). Also, the %(BALA + GABA) is much lower in BENBO samples 
than Washington Margin samples of equivalent OC: SA. The differences suggest that there is some 
disparity in OM remineralisation processes between the two areas, which I suggest is caused by 
differences in mineralogy (clays versus carbonate sediments) coupled with differing incorporation of 
fine material that has been subject to effects of a prolonged OET and has led to the accumulation of 
non-protein amino acids in more clay-rich sediments. The production of non-protein amino-acids may 
not occur to such an extent in carbonate-rich sediments either as a result of the sorptive protection of 
the acidic amino acid precursor amino acids or as a result of the preservation of these precursor amino 
acids that are known to be enriched in carbonate-biomineralisers such as foraminifera. Based on the 
parameters presented so far it is not possible to determine to what degree each of these two 
preservation mechanisms may limit non-protein amino acid synthesis. However, principal component 
analyses of amino acid compositions discussed in Section 5.5 indicates preservation of OM within the 
mineral matrix to be important in calcareous BENBO sediments. Similarly low %(BALA + GABA) 
compositions of < 5 mole % were found in CaCO 3-rich sediments from the upper 30 cm of cores 
collected in 3650 in water depth on Goban Spur just to south of Site A (Grutters et al., 2001). 
OM degradation state can also be assessed by examining the behaviour of the "essential" amino acids. 
The amino acids arginine, valine, methionine, histidine, threonine, leucine, phenylalanine and 
isoleucine are vital to the metabolism of heterotrophic organisms, and as they cannot be produced by 
the organisms themselves, must be taken up in their food (Dauwe and Middelburg, 1998; Dauwe et 
al., 1999a). These amino acids would be expected to be among the first utilised by benthic organisms 
and, thus, account for a diminishing proportion of the remaining amino acid pool. The necessity of 
these amino acids to all organisms also makes them a useful indicator of the relative potential 
substrate quality of OM between samples. 
On the basis of their essential amino acid content, and in conflict with previously reported parameters, 
site C sediments appeared to be of highest OM quality, followed by site B and then site A (Figure 
5.9). Only at site C, was there evidence of a post-bloom enrichment, with surface sediment samples 
here containing comparable proportions of essential amino acids to fluff material. Essential amino 
acids decreased sharply over the top 3-4 cm at sites B and C and less sharply over the upper— 10 cm 
at site A. At site B, essential amino acid mole % continued to decrease with increasing depth, 
whereas at sites A and C, a constant "background" value appeared to be reached. At depth, essential 
amino acids were present in the greatest proportions at site C, followed by site A and then site B. This 
suggests that essential amino acids were being utilised at site B throughout the sampled core but 
utilisation was not ongoing throughout the cores collected at sites A and C. These results are in direct 
opposition to all parameters presented thus far, which imply that the OM in site B sediments was 
freshest. As essential amino acids are more of an indicator biolimiting (although not necessarily 
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Figure 5.9 Downcore profiles of summed mole % contributions of essential amino acids to the 
total hydrolysable amino acid yields for sediments collected at BENBO sites A, B and C, during 
CD111 (•) and CD113 (0) and fluff material collected at site C during CD113 (A). 
bioavailabable) amino acids, this may reflect the selective removal of these amino acids at the most 
biologically active sediments studied, those at site B (see Table 4.3). Alternatively, the more 
conservative dowucore behaviour of the essential amino acids it sites A and C may be due to the 
sorptive preservation of essential amino acids in the more clay-rich site C sediments and the glacial 
clay horizons at the base of site A cores. 
The ratio of amino acids to hexosamines (AA: HA) has been used as an indicator of degradation state 
because, in fresh material, labile amino acids are present in far greater concentrations than the more 
refractory hexosamines. Thus, during degradation AA: HA tends to decrease (e.g. Haake et al., 1992; 
Dauwe and Middelburg, 1998). In BENBO sediments, the ratio AA: HA was highest in surface 
sediment horizons reflecting the status of these 0-0.5 cm as the most amino acid-rich (Figure 5.10). 
However, there were large inter-site differences in AA: HA in surface sediments. AA: HA was 
highest at site C and lowest at site B and this trend was dictated by the higher hexosamine 
concentrations at site B and the higher amino acid content of surface sediment at site C. The highest 
hexosamine yields measured in BENBO samples suggested that some degree of HA-enrichment had 
occurred as AA: HA ratios were lower than those typical of phytoplankton (AA: HA> 80; 
Strahlendorff, 1988), or that OM of phytoplanktomc origin had been diluted with hexosamine-rich 
material; e.g. chitinaceceous zooplankton and bacterial cell walls (AA: HA 9; Haake et al., 1992 and 
references therein). In the upper few cm of sediment cores, AA: HA decreased as expected from the 
relative reactivities of two groups of compounds, but below at mid-depth minima AA: HA increased 
again. The AA: HA ratio at the mid-depth minima were comparable to, or perhaps slightly lower 
than, the lowest value found during a literature search of AA: HA - 3-5, reported by Haake et al. 
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Figure 5.10 Downcore profiles of the ratio of total hydrolysable amino acid to total hydrolysable 
hexosamine molar yields for sediments collected at BENBO sites A, B and C, during CD111 (•) 
and CD113 (0) and fluff material collected at site C during CD113 (A). 
(1992) in a study of sediment trap material collected at 3800 m water depth in Arabian Sea. These 
sediment trap values were much lower than those observed in material in upper and lower traps at 
BENBO sites A and B (AA: HA '-47, 30, 70, and 28, respectively). The upper zone of decreasing 
AA: HA ratio in sediments was due to the degradative losses of amino acids and a downcore increase 
in hexosamines that was attributed in Section 5.3.2 to the preservation of carbonate-associated organic 
matrix material. Therefore, in the upper part of the sediment AA: HA ratios appear to be controlled 
by degradation. As the AA: HA ratios of sediment trap samples and surface sediments were not 
significantly different, concentrations of amino acids and hexosamines in the water column and across 
the sediment water interface appear to be primarily governed by the same process, namely OM 
degradation. Reductions in both the yields of amino acids and hexosamines were observed across the 
BBL (Figure 5.2), with yields of the two compounds decreasing in similar proportions such that AA: 
HA ratios across this region did not dramatically change. 
However, at depth, where there was a peak in AA: HA that results from a dip in HA yields above a 
zone of HA accumulation coupled with approximately constant amino acid yields (Figure 5.6 and 
5.7), HA yields appear to be decoupled from degradation processes possibly reflecting the 
preservation of carbonate matrix OM. However, as All of the parameters reported previously in this 
section were primarily indicative of the degradation state of OM. While there are indications as to the 
possible influences of sediment type (carbonates versus glacial clays), degradation history prior to 
deposition (incorporation of scavenged BNL particles at site C) and sorptive preservation of labile 
biochemicals (%(THAA + TCHO)-OC and mole % essential amino acids), little firm mechanistic 
information has been obtained on what governs the quantity and quality of OM buried. 
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Figure 5.11 Mole % contributions of amino acid charge classes/ chemical groups in surface 0-1 
cm sediment horizons for pre and post-bloom sediments at each site and for sediment trap and 
fluff material. Amino acids are grouped as follows: acidic (aspartic- and glutamic acid), neutral 
(glycine, alanine, valine, leucine and isoleucine), basic (histidine, arginine and lysine), aromatic 
(tyrosine and phenylalanine), sulfuric (methionine), hydroxylic (serine and threonine) and non-
protein (13-alanine,  y-amino butyric acid and ornithine). 
Within the amino acids individual compounds can be grouped on a structural basis according to the 
different functional groups present. These functional groups alter the behaviour of amino acids with 
respect to mineral surfaces that have different inherent surface charges. Basic amino acids are 
positively charged and strongly adsorb to negatively-charged clay minerals. Experimental results 
indicate that 40-80% of basic amino acids can be removed from solution when slurried with clay 
minerals (Hedges and Hare, 1987) or glacially-derived marine sediment (Henrichs and Sugai, 1993). 
Conversely, acidic amino acids having a net negative charge, were found to be selectively adsorbed by 
carbonate minerals (Muller and Suess, 1977; Carter, 1978). Even neutral amino acids were found to be 
adsorbed specifically by the clay mineral montmorillinite (Hedges and Hare, 1987) and glycine- and 
alanine-rich OM has been shown to be adsorbed by quartz (Carter, 1978). Comparison of structurally-
grouped amino acids between samples might therefore provide indications of the sorptive association 
of fractions of the OM with mineral surfaces with implications for the sorptive preservation of organic 
compounds. 
The relative contributions of acidic, neutral, basic, aromatic, sulfuric, hydroxylic and non-protein 
amino acids in sediment trap and "average" surface sediment samples (average for CD 111 and CD 113 
at each site), are presented in Figure 5.11. The relative homogeneity between samples in the 
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proportions of amino acids in each class demonstrates that even though amino acid concentrations 
were more than decimated between sediment trap and surface sediments (Figure 5.2), degradation did 
not dramatically alter the distribution of amino acids among classes. The only consistent pattern was 
a higher prevalence of aromatic amino acids in trap and fluff samples compared to sediments. 
Therefore variations in the proportions of structural classes within sediments should be largely 
attributable to site specific influences rather than reflective of "typical patterns of degradation". 
Grouping of amino acids according to their charge status reveals that sediments at sites A and B 
contain a higher proportion of acidic amino acids than at site C (Figure 5.12), and that acidic amino 
acids generally increase downcore in carbonate-rich sediments; i.e. whole cores at sites B and C and 
the upper - 12 cm at site A. In contrast, basic amino acids decrease with depth at sites B and C and 
over the upper 12 cm of site A. The non-protein amino acids BALA, GABA and omithine (a 
degradation product of alanine or arginine) increase downcore and concentrations of neutral, 
hydroxylic and aromatic amino acids remain roughly constant. Where trends are evident, they seem 
to reflect changes in mineralogy. Sediment with higher clay content contain more basic amino acids 
whereas sediments that are carbonate-rich are also rich in acidic amino acids, implying that sorption 
may selectively influence the composition of amino acids in these sediments. A correlation between 
mole % aspartic acids and %CaCO 3 in sediments has been observed previously (Jennerjahn and 
Ittekot, 1997) although in carbonate-rich horizons, the OM source could also be a contributing factor 
as foraminifera have been shown to be enriched in aspartic acid (King and Hare, 1 972a,b). 
Overall, the most striking thing about the downcore profiles of amino acid structural groups is their 
general uniformity making it difficult to arrive at any firm conclusions as to possible sorptive and/or 
selective preservation effects. In the following section a new approach for examining amino acid 
compositional data is used in an attempt to resolve the issue of determinant processes. These should 
resolve the ambiguities regarding the degradation state of OM at the three BENBO sites that have 
arisen from the traditional indices. The lack of agreement between the traditional biochemical indices 
of OM degradation discussed above, highlight the risks associated with arbitrarily selecting one or two 
parameters to evaluate OM degradation within a given sample set. These differences also demonstrate 
that details regarding the different factors influencing OM preservation within a given site might be 
missed in the absence of rigorous comparisons of previously established degradation indices. 
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Figure 5.12 Downcore profiles of amino acid charge classes/ structural groups in BENBO 
sediments. Amino acids are grouped as follows: acidic (aspartic- and glutamic acid), neutral 
(glycine, alanine, valine, leucine and isoleucine), basic (histidine, arginine and lysine), aromatic 
(tyrosine and phenylalanine), sulfuric (methionine), hydroxylic (serine and threonine) and non-
protein (13-alanine,  y-amino butyric acid and ornithine). 
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5.4. Multivariate analysis of OM degradation state 
While traditional biochemical parameters of OM degradation have yielded information on the general 
trends of OM reactivity in surface compared to deep sediments and between sites A, B and C, and 
some information on the seasonality of OM inputs to these sites, they have also yielded differences. 
For example, some parameters (OC as amino acids and carbohydrates and the ratio of amino acids to 
hexosamines) suggest that seasonal enrichments of OM are greater at site B than at site C and vice 
versa (%OC and hexosamine yields), and some suggest that the overall quality of OM at site B is 
greater than at site C (%AA-C, %AA-N and %(THAA + TCHO)), whereas some suggest that the 
quality of OM is greater at site C (%essential amino acids). Inter-site and downcore variations in 
%(BALA + GABA) have also implied that mineralogy may play an important role either as a result of 
sorptive or matrix preservation effects. In Figure 5.7 subtle changes in the mole % compositions of 
basic and acidic amino acids were seen that indicated that matrix preservation and/ or sorptive 
preservation effects operate at these sites but it was not possible to determine which mechanism 
dominated. Therefore, it has been necessary to use other techniques in an attempt to "disentangle" the 
factors lead to OC variations in mole % amino acid compositions between these sites and to remove 
some of the ambiguities that arose from traditional degradation indices. 
Recently, techniques used to examine amino acid data have been extended to include the use of the 
multivariate data analysis technique of principal component analysis (PCA), allowing the 
identification of compositional trends not otherwise evident from more traditional data assessment 
methods. PCA is a variance-oriented method where standardised variables are used to generate scores 
(see Meglen, 1993 for review). 
The main objective of PCA is to select a number of components that explain as much of the total 
variance in a sample set as possible. A number of principal components are generated, equivalent to 
the number of variables in the data set. The first of these components accounts for the greatest 
amount of variance in the data set, with each subsequent component accounting for a diminishing 
proportion. Each component represents an orthogonal axis in multi-dimensional space and each has 
the property that it is uncorrelated with any other axis. The derived principal components are linear 
combinations of the standardised original variables (in this case mole % amino acid) and the 
contribution of each individual variable to the composite score for each component is determined as a 
factor coefficient (also known as factor- or unrotated-loadings). The factor coefficient for each of the 
standardised variables indicates the contribution of that particular variable to the score for any given 
principal component. Once normalised, the analysis is then based on the correlation rather than a 
covariance matrix (i.e. the analysis is examining correlation within the data set rather than covariance) 
and scores for any given component and amino acid are calculated as follows: i.e. 
Score = mole s % amino acid (standardised) x factor coeff for standardised data 
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where the score is the sum of the products of that individual standardised amino acid and its 
coefficient (contribution) for the given component. Variables are standardised by subtracting the 
mean and then dividing by the standard deviation of the individual amino acid, to prevent bias towards 
amino acids that have largest variance within the sample set. In x-y plots of any two principal 
components the angle between any two factor coefficient variables via the origin, reflects the 
correlation between the two variables (e.g. see Figure 5.14), with smaller angles between two factors 
indicating greater correlation. Those factors at right angles to each other have zero correlation and 
those plotting opposite to each other on the diagram are inversely correlated. Variables with highest 
coefficients have the greatest influence on that principal component. Once principal components have 
been generated they can then be examined in an attempt to interpret those components that account for 
largest variation within data set. 
Dauwe and Middelburg (1998) and Dauwe et al. (1999a) recently conducted principal component 
analyses on mole % amino acid data. In their 1998 study of factors controlling amino acid 
distributions in sediments collected at five sites in the North Sea, PCA was performed on mole % data 
that included both protein and non-protein amino acids and the first principal component generated, 
explaining 44% of the variation in the data set, was interpreted to represent degradation. This was 
based on the fact that source materials (e.g. phytoplankton, zooplankton and bacteria) and sediment 
trap samples had the highest scores whereas sediments from deep sea turbidites, that are known to 
contain highly degraded OM, yielded low scores. 
In the second study by Dauwe et al. (1999a), the PCA was limited to protein amino acids only and 
mole % non-protein amino acids were used to provide independent evidence that sites generating the 
lowest scores (i.e. most negative) contained the most degraded OM. The data set was extended in this 
study to encompass a wider range of sample types including deep sea and calcareous sediments. The 
first component, this time accounting for 36% of the variance, was again interpreted to represent OM 
degradation and was subsequently used as a "Degradation Index". The calculation of the Degradation 
Index, DI, can be summarised as follows: 
DI— 	
var,—AVGvar.1 
[ STD varj 
']X factor coefficient 	 Equation 5-1 
where var 1 is the mole % contribution of an individual amino acid, AVG var1 , is the average, and STD 
var, the standard deviation, of the mole % contribution of that amino acid respectively and factor 
coefficient1 is its factor coefficient. On this basis, the investigated samples fell in the ranges: DI = 
1.01 - 1.48 for source organisms and sediment trap samples (least degraded), DI = 0.35-1.01 for 
coastal sediments, DI = -2.02 - 0.67 for Mediterranean Sea sediments, and for turbidites, a maximum 
of 0.01 in reduced horizons falling to a minimum of -2.17 in oxidised horizons (most degraded; 
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Dauwe et al., 1999a). The authors suggested that by using the same AVG var 1, STD var1 and factor 
coefficient for each amino acid obtained in their study, it would be possible to compare degradation 
states both within and between data sets to produce a universally applicable degradation index. 
The Dauwe et al. Degradation Index has been tested on BENBO amino acid mole % compositions 
both to assess the relative degradation state of BENBO sediments, and to examine the applicability of 
this index to these sediment trap samples, fluff material, and calcareous-rich deep sea sediments. The 
AVG var, STD var1 and factor coefficient, for each amino acid were taken from Table I of Dauwe et 
al. (1 999a), in preference to the degradation index presented in Dauwe and Middelburg (1998), 
because the data set used to generate the 1999 index included a wider range of sample types of 
varying age, and therefore degradation state, and also included calcareous sediments such as those 
examined in this study. As Dauwe et al. (1999a) did not analyse lysine or omithine, the BENBO mole 
% data, has been calculated for this purpose, on an omithine- and lysine-free basis (adjusted mole % 
data for BENBO sediments can be seen in Appendix 13). 
The scores of BENBO sediments and fluff for the first principal component of the non protein-free 
Dauwe Degradation Index (DDI), are shown in Figure 5.13 with more negative values indicating more 
degraded material. The highest and only positive score on this plot was obtained for fluff material 
confirming this material to be less degraded than sediments. Fluff material was more degraded than 
material collected in the deepest sediment traps (Site A 100 mab: DDI = 0. 10, site B 100 mab: DDI = 
0.05) but, appeared less degraded than material collected in the upper traps sites A and B (Site A 1000 
mab: DDI = -0.12, Site B 300 mab: DDI = -0.03). This was contrary to expectations based on the 
previously surmised degradation state of this material founded on elevated amino acid yields, and on 
the results of previous sediment trap studies that have indicated that significant degradation occurs 
within the water column with samples typically becoming more degraded with increasing water 
column depth. 
In BENBO sediments, the most positive values in each core were obtained for surface sediment 
suggesting that the DDI in general reflects the "freshness" of BENBO surface sediment OM relative 
to those below, as established by traditional degradation state indices discussed in Section 5.4. The 
DDI scores of all sediments were negative and below those of fluff and sediment trap material, 
indicating that they were more degraded. In the Dauwe et al. (1 999a) study the range of scores for 
different sample types were as follows: source organisms and sediment trap material: DDI = 1.01 - 
1.48, coastal sediments: DDI = -0.35 - 1.01, reduced turbidite: DDI = -0.31 -0.01, and oxidised 
turbidite: DDI = -2.17 - 1.53. Comparison with BENBO sample scores indicates that sediment trap 
and fluff material in this study were more similar to coastal sediments than to source organisms and 
shallow water sediment trap samples, and that surface sediments were also of comparable degradation 
state to coastal sediments and reduced turbidites. As described in Chapter 1, turbidites are 
homogeneous material deposited in deeper water as a result of a downslope slump of material 
originating on the upper continental slope. The Madeira Abyssal Plain (MAP) turbidite referred to in 
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Figure 5.13 Downcore plot of degradation index presented by Dauwe et al. (1999) for sediments 
collected at BENBO sites A, B and C, during CD111 (•) and CD113 (0) and fluff material 
collected at site C during CD113 (A). 
the Dauwe etal. (1999) study, was deposited 140 kyr ago and was subject to the slow diffusion of 
oxygen into the turbidite for up to Ca. 10 kyr before becoming "capped" by a later slump (Cowie et al., 
1995). The homogeneity of the material at the time of deposition enables a "before and after" picture 
of the effects of prolonged oxygen exposure on the quantity and quality of OM to be obtained. The 
DDI indicates that BENBO surface sediments were of a similar degradation state to OM in the 
reduced (i.e. unoxidized) portion of the MAP turbidite, and sediments at depth in BENBO sediments 
(DDI - - 2.3 - -1.5) were similar to, or even slightly lower than those seen in the oxidized portion of 
the turbidite even though estimated in situ degradation times were considerably lower (300-4000 
years, Table 43). Therefore, BENBO sediments were at an advanced stage of degradtion. The 
turbidite had lost - 80% of OC in the oxidized, compared to the reduced horizon, a comparable loss to 
that seen between surface and deep horizons at site A (Table 4.3). 
Evidence for the seasonal input of fresher OM to surficial sediments is demonstrated at sites B and C 
by a more positive DDI score in surficial sediments collected during CD 113, but the DDI remained 
constant between the two cruises at A. These patterns of enrichment at sites B and C are in agreement 
with %OC, %TN, THAA and HA yields discussed previously (Section 4.3.1 and 5.2). Downcore, 
DDI values decrease sharply over the upper 3-4 cm at sites B and C and less sharply and with some 
scatter, over the same depth interval at site A. There was a distinct minimum at 3-4 cm at site B 
where the lowest DDI for this site was recorded, and below this there was a broad peak centred on the 
7-8 cm horizon. Therefore, at site B the downcore pattern of degradation state revealed by DDI scores 
was different to that indicated by amino acid yields (mass and OC-normalised; Figure 5.6, and 5.7). 
At sites A and C, downcore trends in DDI were more similar to those seen in amino acid mass yields. 
This included a peak in DDI at 10-11 cm in the CD  11 core at site C, as seen in %OC, %TN and 
%THAA yields, indicating the relative freshness of OM in this horizon. At depth, site C sediments 
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had the highest scores and thus appeared least degraded, followed by site B and then site A. This 
differed from the pattern of degradation state (i.e. B > C > A) indicated previously by amino acid data 
(e.g. %AA-C %, %AA-N, Figure 5.8). 
Therefore, in summary, the DDI generally reflects the degradation state of BENBO samples although 
it may be influenced by nuances in the degradative alteration of amino acid compositions in these 
samples. The apparent discrepancies in the scores of upper sediment trap samples and material at the 
base of cores, and in the downcore DDI profiles at site B, suggest that there are processes occurring in 
BENBO samples influencing amino acid composition that were not present in the data set used to 
construct the degradation index by Dauwe. However, increased exposure to oxygen appears to 
consistently lead to a diminishing DDI score. An independent multivariate analyses has been carried 
on the BENBO data set in attempt to establish the factors most critical to the amino acid composition 
in BENBO sediments and to try to discern why the Dauwe et al. Index does not effectively 
differentiate between the different stages of OM alteration indicated by traditional OM indicators, that 
occur at sediment depths> 3cm. 
5.5. Independent multivariate analyses of BENBO sample amino acid 
compositions 
An independent PCA has been performed on the BENBO data set in order to evaluate whether the 
same principal components explain most of the variance in the data set as those seen by Dauwe and 
Middelburg (1998) and Dauwe et al. (1999a). In this PCA, the full BENBO set was used including 
non-protein amino acids, but again omitting omithine and lysine for consistency, along with the 
source organism and coastal sediment data used by Dauwe and Middelburg (1998), including non-
protein amino acids (see Appendix 11). This independent PCA provided a more comprehensive and 
site-specific assessment of the processes contributing to amino acid compositional variations between 
BENBO samples. 
The PCA was conducted as described above using Equation 5.1 but instead of using values from 
Dauwe at al. (1999a) for AVG var 1, STD var1, and factor coefficient 1, these parameters were calculated 
independently for the whole BENBO data set using the statistical software package MINITAB. 
Standard deviations were calculated on the basis that each set of amino acid measurements 
represented a sample of a population, using the formula: 
= 
(n - 1) 
	 Equation 5-2 
The results of the principal component scores and factor coefficients for the first and second principal 
components, together accounting for - 53% of the variance, are listed in Table 5.2. 
160 
Chapter 5: Molecular-Level Characterisation 
Table 5.2 Table showing scores and factor coefficients for the first two principal components 
obtained for an analysis conducted on the mole % amino acid composition of BENBO sediment 
and sediment trap material along with data from Dauwe and Middelburg (1998) that also 
includes a number of source organisms (A), and table showing averages and standard deviations 
for each amino acid variable within this data set (B). 
A) 
Score I Score 2 
fFactor Coefficient for 
Principal Component 1 
Factor Coefficient for 
Principal Component 2 
CDII3-B,20-22cm -3.741 1.688 ASP -0.301 GABA -0.396 
CD1I1-A,26-28cm -3.652 -0.864 THR -0.241 ARG -0.372 
CD1IIB-A, 15-16 cm -3.629 -0.161 BALA -0.238 BALA -0.355 
CDII1-B, 14-15 cm -3.508 2.340 ALA -0.161 MET -0.197 
CDII3-B,14-l5cm -3.367 2.129 SER -0.127 GLY -0.181 
CDI13-B,3-4cm -3.300 2.315 GLY -0.102 VAL -0.142 
CDIII-A, 10-11 cm -3.151 1.087 GABA -0.077 LEU 0.004 
CDII3-A, 14-16 cm -2.914 -3.377 VAL 0.029 GLU 0.069 
CDII3-A, 10-11 cm -2.897 -0.135 ARG 0.164 ILE 0.100 
CDI I I-A, 7-8 cm -2.749 0.484 HIS 0.198 SER 0.135 
Turbidite-oxidised -2.709 -7.580 GLU 0.291 PHE 0.148 
CD113-A,26-28cm -2.465 -2.490 TYR 0.292 TYR 0.179 
CDI I I-C, 3-4 cm -2.383 0.452 MET 0.294 ASP 0.282 
CDI13-B, 10-11 cm -2.316 2.360 PHE 0.359 ALA 0.290 
CDI1I-B, 10-11 cm -2.300 2.213 ILE 0.375 HIS 0.310 
CD113-B,7-8cm -2.256 2.677 LEU 0.377 THR 0.375 
CD1 11-A, 3-4 cm -2.136 1.236 Explains 36.3% 
variation 
of Explains 16.4 
variation 
% of 
CD113-A, 7-8 cm -2.093 2.319 





















































CD111-C,26-28cm -2.018 1.245 
CDI1I-B,2-3cm -1.994 0.408 
CD113-A,3-4cm -1.965 0.275 
CDI 13-C, 7-8 cm -1.912 
CDI1I-C, 16-18 cm -1.865 1.146 
CDI 13-C, 3-4 cm -1.654 1.570 
CDI 13-C, 2.5-3 cm -1.542 -1.637 
CDI1I-B,7-8cm -1.438 1.809 
CDI13-A, 1.5-2 cm -1.437 0.994 
CDI13-C, 10-11 cm -1.377 -1.178 
CDI1I-C,7-8cm -1.278 -0.631 
CDI11-A,2.5-3cm -1.046 0.281 
CDI 13-C, 2-2.5 cm -0.809 -0.723 
CDI 13-A, 0.5-1 cm -0.794 0.366 
CD  11-B, 1.5-2 cm -0.792 0.211 
CDI13-B, 1.5-2 cm -0.715 0.602 
CDI1I-A,2-2.Scm -0.695 -0.051 
CDI13-A, 1-1.5 cm -0.605 -0.073 
CDII1-A, 1.5-2 cm -0.547 0.183 
CDI11-A,0.5-1 cm -0.530 -0.248 
CDII3-A, 2-3 cm -0.482 -1.784 
CDII1-B, 1-1.5 cm -0.467 0.094 
CDII1-B 4 O.5-1 cm -0.451 0.391 
CDIII-C,2-3cm -0.448 -1.798 
CDI 13-C, 1.5-2 cm -0.435 -0.986 
CDI 13-13, 2-3 cm -0.403 0.570 
CDIII-A,0-0.Scm -0.167 -0.015 
CDII3-B,1-1.5cm -0.137 -0.423 
CD1I3-A,0-0.5cm -0.039 -0.128 
CD1II-A, 1-1.5 cm 0.019 -0.261 
CDIII -C, 1.5-2 cm 0.186 -1.943 
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CDIII-C,l0-IIcm 0.439 -1.105 
CDII I-C, 1-1.5 cm 0.483 -1.817 
CDII3-B, 0.5-1 cm 0.716 -0.444 
North Sea, Site SK 0.748 -0.485 
CDI I I-C, 0-0.5 cm 1.080 -2.291 
CDI1I-C, 0.5-I cm 1.203 -2.490 
Dabob Bay -Sediment 2' 1.216 -0.256 
SITE A-1000mab trap 1.391 -0.192 
CDII3-C, 1-1.5 cm 1.407 -2.273 
CD1I3-B 4 O-0.Scm 1.410 -0.775 
North Sea, site GB-f 1.537 -0.168 
Saanich Inlet- Sediment 2' 1.565 0.150 
Dabob Bay- Sediment 1' 1.638 0.357 
SITE A-lOOmab trap 2.014 -0.073 
CDII3-C,0.5-1 cm 2.032 -1.952 
CDII3-C,0-0.Scm 2.046 -1.970 
Saanich Inlet-Sediment 1' 2.135 1.293 
Turbidite-reduced' 2.249 -2.611 
North Sea, site GB-I' 2.621 0.282 
North Sea, site FF' 2.644 -0.318 
North Sea, site BG-A' 2.658 0.440 
North Sea, site BF' 2.871 1.102 
SITE B-lOOmab trap 2.936 0.112 
SITE B-300mab trap 3.371 -0.480 
CDI 13-C, Fluff 3.753 -1.351 
North Sea, site BG-B' 4.302 2.209 
Dabob Bay-Trap' 4.488 1.776 
Saanich Inlet-Trap' 4.636 1.592 
Zooplankton' 4.938 1.708 
Phytoplankton-B' 5.116 1.281 
Bacteria' 5.620 0.975 
Phytoplankton-C' 5.857 1.378 
Figure 5.14 Plot showing individual amino acid 
factor coefficients that are used in combination 
to generate scores for the first two principal 
components. 
*Denotes data used in principal component analysis conducted by Dauwe and Middelburg 
(1998). 
The first BENBO principal component was positively correlated most strongly with leucine, 
isoleucine, phenylalanine, methionine, tyrosine and glutamic acid, and showed a strong negative 
correlation with aspartic acid, threonine and BALA (Table 5.2, Figure 5.14). This pattern differed 
from the amino acids contributing most to the first principal component in the PCA conducted by 
Dauwe and Middelburg (1998) that also included non-protein amino acids, and the non-protein-free 
PCA of Dauwe et al. (1999a). The first principal component of all three PCA's showed a strong 
positive correlation with leucine, isoleucine, phenylalanine, and tyrosine suggesting that the first 
component of the three PCA's reflected the same process, namely degradation state. The patterns of 
strong positive and negative correlations are in general agreement with previous studies that have 
shown that during degradation amino acids become enriched in glycine, serine, threomne and arginine 
compared to source organisms and depleted in isoleucine, leucine and glutamic acid (Cowie and 
Hedges, 1992b and tyrosine (Suthofet al., 1999). 
Although the least degraded samples show elevated mole % concentrations of the same amino acids, 
the amino acids contributing most strongly to degraded OM show greater differences. When non-
protein amino acids were included in a PCA on non- BENBO samples, they dominated in the most 
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Figure 5.15 Downcore plot of the scores for the first principal component obtained from PCA 
conducted on the data presented in Table 5.2 for sediments collected at BENBO sites A, B and 
C, during CD111 (•) and CD113 (0) and fluff material collected at site C during CD113 (A). 
This component can also be interpreted as an index of degradation (see text). 
refractory material, whereas in BENBO sediments aspartic acid, along with BALA play a dominant 
role in degraded samples, and GABA has far less influence. An increasing mole % contribution of 
aspartic acid and threonine in the most degraded material was common to both the BENBO and 
Dauwe et al. PCA (1999a). Therefore, there appear to be differences between the data sets in the 
amino acids that become enriched as degradation proceeds. This difference appears to be dominated 
by the prevalence of aspartic acid in degraded BENBO samples. 
Downcore plots of scores for the first component of the BENBO degradation index (BDI) are shown 
in Figure 5.15. The BDI generates scores with a greater range ('-.' -4 - 6) than the scores generated by 
the first component of either the Dauwe et al. 
(-. 
-2.2 - 1.5) or Dauwe and Middelburg studies (- -3.5 - 
1.3) and is therefore likely to be more sensitive to different OM degradation states if applied to other 
data sets as Dauwe et al. (1 999a) recommended should be done with the principle component analysis 
that they developed. BENBO sediment scores were highest (least degraded) at site C, followed by site 
B and then site A. The score of site C fluff material (BDI=3.75) was the highest of any BENBO 
sample and surprisingly, was higher than those of both sets of BENBO sediment traps (Site A 1000 
mab: BDI = 1.391, Site A 100 mab: BDI = 2.014, Site B 300 mab: BDI = 3.371, site B 100 mab: BDI 
= 2.936). These scores were not higher, however, than source organisms or the sediment trap samples 
included from Dauwe and Middelburg (1998), suggesting that there is some factor influencing 
BENBO sediment trap samples that makes them appear degraded relative to fluff material and even 
some BENBO surface sediments. Therefore, this first BENBO principal component, although 
apparently representing degradation, may not simply reflect the degradation of the same type of OM, 
or it may be dominated by processes associated with the advanced stages of OM degradation as 
163 
Chapter 5: Molecular-Level Characterisation 
implied for most BENBO sediments by the Dauwe et al. Index and is therefore, insensitive to the early 
stages of OM alteration. 
A post-bloom increase in BDI values was seen between CD! 11 and CD! 13 at sites B and C indicating 
an input of less degraded material. BDI scores decreased with depth in all cores and unlike downcore 
profiles of the Dauwe Index, followed the downcore profiles of other amino acid parameters (e.g. 
mass and OC-normalised THAA yield) demonstrating that this index was better "tuned" in this sense 
to the ongoing in situ degradation processes within BENBO sediments. This study has therefore 
demonstrated that the universal application of the Dauwe et al. (1 999a) degradation index to amino 
acid data sets, as suggested by the developers of the index, causes important sample set-specific 
details to be missed. The use of the Dauwe et al. (1999a) index should not therefore be assumed to 
replace the completion of independent multivariate analyses. 
The BDI scores at the base of the cores were lowest at site B, approximately equal to or slightly lower 
than those seen at site A, and much lower than materials at depth in site C. The advanced degradation 
state indicated for deep site B sediment by the BDI score, was in direct opposition to all previous 
parameters that have indicated the OM buried at site B to be considerably less degraded than the OM 
buried at site A. The main difference between sediments buried at depth in site B compared to site A 
cores is their elevated CaCO 3 content. It appears that all the departures from trends in degradation 
indicated by parameters discussed previously result from differences in the CaCO 3 content of samples 
and the dominance of the contribution that aspartic acid makes to negative scores. As mentioned in 
Section 5.3.3, aspartic acid is adsorbed by carbonate minerals (Muller and Suess, 1977), its mole % 
correlates with %CaCO 3 in sediments (Jennerjahn and Ittekot, 1997) and has been found to be 
enriched in foraminifera (King and Hare, 1972a,b) and other carbonate-forming organisms. 
Therefore, sorptive preservation and/ or the preservation of carbonate matrix OM appears to be 
leading to the preferential preservation of aspartic acid, with this amino acid becoming enriched in 
carbonate-rich 13ENBO samples as degradation proceeds explaining the low BDI scores at the base of 
site B cores (80% CaCO 3). The low scores at the base of site A are caused by the much enhanced 
contribution of BALA in these horizons dominated by glacial clays, which also shows a strong 
negative correlation with the first component of the BENBO PCA. The influence of %CaCO 3 can 
also explain why BENBO sediment trap BDI scores were much lower than those of other trap, source 
and samples; they had a much higher CaCO 3 content (e.g. %CaCO 3 trap samples = 74.6 - 85.6, 
%CaCO3 fluff = 9.1%). 
The second principal component determined by this PCA is most strongly influenced in a positive 
direction by threonine, histidine, alanine and aspartic acid, and in a negative direction by GABA, 
arginine, and BALA (Table 5.2). When the plot of the factor coefficients for the two principal 
components is examined (Figure 5.14), the amino acids having a negative factor coefficient for the 
first principal component, indicative of degradation (the BDI), are clearly separated into two groups 
by the second principal component. The amino acids in the group with a positive factor coefficient 
with respect to the second principal component are aspartic acid, serine, threonine and 
164 
Chapter 5: Molecular-Level Characterisation 
A 	mole % aspartic acid 
	








30 	 I 
0 2 	4 
mole % Bela  








mole % Bale  
C 	mole % aspartic acid 











0 	2 	4 	6 
mole % Bale 
Figure 5.16 Downcore profiles of mole % aspartic acid (black) and mole % -alanine (grey) for 
sediments collected at BENBO sites A, B and C, during CD111 (•) and CD! 13 (0) and fluff 
material collected at site C during CD113 (A). 
alanine, and in the negative group are BALA, GABA and glycine. These patterns suggest that similar 
processes influence the mole % contributions of amino acids in each group, and that these processes 
form "opposites" with respect to the second principal component. As these amino acids all contribute 
in a negative sense to the first principal component they appear to be an indicator of two possible 
degradation "end-points". 
It is surprising that enrichments in mole %aspartic acid and mole % BALA appear to be alternative 
outcomes of degradation, as BALA is thought to be produced as the product of amino acid 
degradation (Lee and Cronin, 1984). Several studies (e.g. Cowie and Hedges, 1994; Dauwe and 
Middelburg, 1998) have found that mole % BALA increases down core as mole % aspartic acid 
decreases. Figure 5.17 demonstrates that there is no obvious parent-daughter relationship between 
aspartic acids and BALA in the majority of BENBO sediments. Only in the glacial clays at the base 
of site A is the expected increase in BALA coupled with a decrease in aspartic acids apparent. Cowie 
et al. (1995) suggested that %(BALA + GABA) increases when sediments are subjected to slow oxic 
degradation. This is apparently not the case in all sediments with long OET's (e.g BENBO 
sediments), as the protein amino acid precursors can be protected within the organic matrix of 
carbonate-forming organisms. 
It was previously suggested, based on the large negative factor coefficient for aspartic acid with 
respect to the first BENBO principal component, that aspartic acid was becoming enriched as 
degradation proceeds either through sorptive preservation or through protection within CaCO 3 
minerals. Supporting evidence for the preferential preservation of organic foraminiferal matrix 
material comes from the amino acids grouped with aspartic acid on the factor coefficient plot (Figure 
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5.14). Studies of bulk foramimferal proteins have indicated that 80% of proteins in foraminifera are 
acidic i.e. aspartic- and glutamic- acid-rich, and these organisms also contain proteins rich in serine, 
glycine and alanine (King and Hare, 1 972a,b; Weiner and Erez, 1984; Robbins and Brew, 1990). The 
organic matrix of foraminifera is a heterogeneous collection of proteins (Robbins and Brew, 1990; 
Robbins and Healy-Williams, 1991) and has also been found to be enriched in aspartic acid, threonine, 
serine and glycine (Stathoplous and Tuross, 1994). The prevalence of these amino acids does not 
appear to be diminished with age as Robbins and Donachy (1991) found that fossil foraminifera 
(4000-6000 years old; equivalent in age to foraminifera at the base of the carbonate -rich horizons 
sampled in BENBO cores) contained 31.3 mole % aspartic acid, 30.6 mole % serine and 15.1 mole % 
glycine. Stathopolous and Tuross (1994) suggested that aspartic acids became enriched with 
increasing degradation indicating that the preservation of foraminiferal OM, and mineral associated 
proteins, in particular, could result in the enrichment of the group of amino acids contributing 
positively to the second BENBO principal component namely aspartic acid, serine and threonine. 
Furthermore, the amino acids enriched in foraminifera are reported to be similar to those seen in other 
CaCO3 biomineralising organisms (Weiner and Erez, 1984; Stathoplous and Tuross, 1994) and 
therefore any coccoliths in BENBO sediments might be expected to lead to similar amino acid 
enrichments. These trends were not the result of sorption because efforts were made to remove any 
sorbed amino acids by ultrasonication. 
The protection of aspartic acid with a carbonate matrix would likely prevent the formation of non-
protein amino acids because bacterial exoenzymes would not be able to access the precursor molecule 
to carry out the decarboxylation. This, along with the observed association of non-protein amino 
acids with clay minerals, explains the lower contributions of non-protein amino acids to carbonate 
sediments and the polarisation of amino acid compositions in degraded samples. In deeply buried 
sediments at site A (and in oxidised turbidite samples) the OM is highly degraded, CaCO 3 is a more 
minor component of the sediments, and non-protein amino are accumulating, whereas in sediemtns 
such as those at site B there is little accumulation of non-protein amino acids because the protein 
amino acid precursor molecules are protected. At site C, where sediments are more of an even 
mixture of CaCO3 and clay material, the intermediate situation exists. Additionally, it is reported by 
Robbins and Brew (1990) that the acidic proteins are often associated with carbohydrates forming 
proteoglycans or glycosaminoglycans, which are also known to contain hexosamines. Weiner and 
Erez (1984) found that the insoluble proteins within benthic foramimfera were 95% 
glycosaminoglycans, another polymer of amino acids and carbohydrates containing hexosamines. It 
therefore appears that the preservation of insoluble foraminferal OM can explain the elevated 
hexosamine concentrations discussed in Section 5.3.2. 
Downcore plots of the scores for the second BENBO principal component are shown in Figure 5.16 
and are consistent with the preservation of foraminiferal organic matrix material in increasingly 
degraded carbonate-rich samples and enhanced concentrations of non-protein amino acids in material 
of higher clay content, namely site C sediments and the glacial clays at the base of site A. It should be 
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Figure 5.17 Downcore plot of the scores for the second principal component obtained from PCA 
conducted on the data presented in Table5.2 for sediments collected at BENBO sites A, B and C, 
during CD111 (•) and CD113 () and fluff material collected at site C during CD113 (A). This 
component can be interpreted as delineating between two degradation "end-points" of aspartic 
acid- and f3-alanine- enriched material (see text). 
pointed out however, that although these two groups of amino acids are apparently "end-points" they 
are only so over the range of sediment ages in this study and may not reflect the ultimate composition 
of amino acids in much older, more degraded marine samples. 
A plot of the scores these first two principal components is shown in Figure 5. 18. When a cluster 
analysis was conducted stipulating that two clusters should be derived, one cluster generated 
encompassed all the fresher material and displayed a pattern of concomitant decreases in first and 
second components in a general linear trend. This cluster includes all of the source and trap samples 
and most of the surface sediments. The second cluster encompasses all of the more degraded material 
and this material is polarised between two end points dominated by aspartic acid and threonine at the 
positive end, and BALA and GABA at the negative end. The "split" between the preservation of the 
aspartic acid group of amino acids and non-protein BALA and GABA as the "end result" of 
degradation divides, deeper site C sediments and site A glacial clays with negative scores, from the 
more carbonate-rich surficial sediments site A and at site B. 
In summary, the independent BENBO PCA has provided an index that is tuned to compositional 
changes in BENBO sediments and when applied to other data sets, as suggested by Dauwe et al. 
(1999a) for their PCA, is more sensitive, particularly towards the latter stages of early OM diagenesis 
(i.e. shorter than geological timescales). The first principal component, like that of Dauwe et al. 
(1 999a) and Dauwe and Middelburg (1998), represented degradation state but when coupled with 
more traditional indices of degradation state such as OC-normalised amino acid yield provided 
indications of the relative importance of CaCO 3-associated OM. The second component showed how 
sediment source, coupling mineralogical and sorptive effects, has dramatically influenced the 
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Figure 5.18 Plot showing scores of each site when amino acid mole % data is used to establish 
variations between samples. Note that these two components account for 53% of the total 
variance in the data set. 
composition of amino acids preserved at depth in sediments leading to a decoupling of BALA and 
GABA from their precursor compounds. This demonstrates that the parameters %(BALA + GABA) 
cannot be used as an index of OM degradation when comparing sediments with different CaCO 3 
contents. 
5.6. Principal Component Analysis of BENBO neutral sugar yields 
A PCA was conducted on neutral sugar compositional (weight percent) data using MINTAB in a 
similar fashion to that used for BENBO amino acid data. To date there have been no published 
studies that have examined aldose distributions with PCA and it was hoped that the neutral sugar 
distributions within BENBO samples would yield further information on the processes undergone by 
OM in this sample set. As for the amino acid PCA, the data set was extended to include data from 
other studies for comparison, but for simplicity, this was limited to the inclusion of source organism 
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Table 5.3 Table showing scores and factor coefficients for the first two principal components 
obtained for analysis conducted on BENBO sediment and sediment trap data neutral sugars 
percentage contribution of individual sugars). Source organism data have ben included for 
comparison using data from Cowie and Hedges (1996). 
/ 
A)  
Score I Score 2 
Coefficient for 
Principal Component 1 
Factor Coefficient for 
Principal Component 2 
1 1 3-B, 14-15 cm -2.154 -1.171 glucose 0.505 ribose 0.571 
CDI 11-C, 7-8cm -1.879 0.803 ribose 0.004 arabinose 0.411 
CDI 13-C, 0.5-1 cm -1.765 0.309 fucose -0.264 galactose 0.258 
CDI 13-C, 17-19cm -1.728 -1.730 arabinose -0.292 xylose 0.253 
CDII 1-C, 16-18cm -1.661 0.730 mannose -0.343 glucose -0.043 
CDII1-C, 10-11 cm -1.644 1.157 galactose -0.361 mannose -0.251 
CID 1I 1-C, 26-28 cm -1.635 0.851 rhamnose -0.410 rhamnose -0.325 
113-B, 0-0.5 cm -1.629 0.955 xylose -0.418 fucose -0.451 
CD113- C,  2.0-2.5 -1.589 0.531 Explains 48% 
variation 
of the Explains 18% 
variation 
of the 
CD1 13-A, 2-3 cm -1.566 0.760 




















CD  13-B, 2-3 cm -1.399 -0.025 
CDI11-B, 10-11 cm -1.399 -0.346 
CD I 13-C, 3-4 cm -1.319 -1.504 
CD  13-B, 1-1.5 cm -1.305 1.246 
CDI 11-B, 7-8 cm -1.240 -0.421 
CID  13-C, 7-8 cm -1.240 -1.743 
CD1 13-C, 10-11 cm -1.233 -0.973 
CD1 11-A, 7-8 cm -1.187 2.808 
CD113-C, 1-1.5 cm -1.142 -1.692 
CD111-B,3-4cm -1.138 
CD113-A, 7-8 cm -1.118 1.161 
CD113-B, 10-11 cm -1.047 -1.943 
CD1 13-C, 2.5-3 cm -1.021 -0.720 
CD1 13-B 4O.5-1 cm -0.977 -0.035 
CD  11-B, 0.5-1 cm -0.976 -0.223 
CDI 13-B, 1.5-2 cm -0.936 -0.415 
CDI11-B, 14-15 cm -0.924 -1.840 
CDII3-B, 7-8 cm -0.856 -1.597 
CD1II-C, 1.5-2 cm -0.794 -1.074 
CDII I-B, 0-0.5 cm -0.792 0.739 
CD111-C, 3-4 cm -0.717 -0.587 
CD111-A, 0.5-I cm -0.674 1.273 
CD 113-C, 0-0.5 cm -0.639 -1.669 
CDIII-A, 10-I1 cm -0.608 2.304 
CD  11-A, 26-28 cm -0.597 2.774 
CDI 13-13, 34cm -0.555 -0.056 
CDI1 1-B, 1-1.5 cm -0.321 -1.616 
CDI1 1-C, 0.5-1 cm -0.283 -0.593 
CD11 1-B, 1.5-2cm -0.279 0.372 
CD1I1-B,2-3cm -0.195 1.227 
CD1II-A, 1.5-2 cm -0.177 0.519 
CD1 13-A, 0.5-1 cm -0.109 0.869 
CD 	3-A, 3-4 cm -0.091 1.318 
CD1 3-A, 0-0.5 cm -0.038 1.051 
CD1 I I-A, 3-4 cm 0.149 0.797 
CDII 1-C, 1-1.5 cm 0.208 -1.987 
CD Ill-C, 2-3 cm 0.308 1-0.262 
CDII1-A, 2-2.5 cm 0.342 0.612 
CD  I 1-A, 2.5-3 cm 0.366 1.064 
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F 
CDI 11-A, 1-1.5 cm 0.499 -0.955 
CD  13-A, 1-15cm 0.555 0.872 
CDIII -A, 15-16 cm 0.630 -1.815 
CDIII -C, 0-0.5 cm 0.641 -0.444 
CDII3-A, 1.5-2 cm 0.706 1.098 
CDII3-A, 10-11 cm 0.709 0.080 
CDI I I -A, 0-0.5 cm 0.839 1.079 
CD113-A,26-28cm 1.047 0.089 
CDII3-A, 14-16 cm 1.151 1.483 
Site A trap- I000mab 1.279 0.266 
Phytoplankton I 1.402 -0.348 
SiteAtrap- lOOmab 2.167 -0.475 
SitcBtrap- lOOmab 2.197 -0.518 
Site B trap-300 mab 2.528 -0.634 
113 A Site C, Fluff 3.497 -1.832 
Phytoplankton 2 4.320 1.882 
Zooplankton I 4.736 -1.231 
Phytoplankton3 7.771 1.176 
Zooplankton 2 7.950 -0.831 
n bose 
)se 
45 	CtO 	0.5 	10 
First Factor 
Figure 5.19 Factor loadings for individual 
neutral sugars contributing to the first two 
principal components for the BENBO data set. 
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Figure 5.20 Plot showing scores generated for each sample when neutral sugar mole % data is 
used to establish variations between samples. Note that these two components account for 66% 
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The first principal component was dominated by the loss of glucose (Table 5.4b; Figure 5.19) with 
xylose, galactose, mannose and arabinose at the other end of the spectrum. Fresh phytoplankton 
material is consistently glucose-rich (Cowie and Hedges, 1984a; Cowie and Hedges, 1994) and this is 
borne out in Figure 5.20 by the high scores of phytoplankton on the first principal component axis, 
where fresh zooplankton also scored highly. There was significant variation in the scores on the first 
axis of source organisms reflecting the carbohydrate compositional diversity of marine organisms (e.g. 
Cowie and Hedges, 1996; Biersmith and Benner, 1998). Variations in glucose concentration occur 
even within the same species of diatom, according to their nutritional status (Biersmith and Benner, 
1998). However, glucose is usually the dominant sugar in organisms (Lehninger, 1982) and hexoses 
mannose, glucose and galactose typically dominate over pentoses ribose, xylose and deoxysugars 
rhamnose and fucose in marine sediments (Bergamaschi et al., 1997). Glucose loss with increasing 
degradation has been observed previously in many studies (e.g. Ittekot et al., 1 984a,b; Cowie and 
Hedges, 1984; Hamilton and Hedges, 1988). Therefore, the first component appears to reflect, as with 
amino acids, OM degradation. 
Precedents for the accumulation during degradation, of the sugars plotting opposite glucose on the 
factor coefficient plot (Figure 5.19) confirm this interpretation. Mannose, xylose and galactose are 
enriched in diatom cell walls (Cowie and Hedges, 1996) and many studies have shown that diatom 
cell wall material is preferentially preserved during degradation relative to cell contents, through 
protection within a structural matrix (e.g. Cowie et al., 1992; Cowie and Hedges, 1984b). Hedges et 
al. (1988) and Hamilton and Hedges (1988) observed the enrichment of galactose, rhanmose and 
fucose during degradation. Rhamnose and fucose are known to be produced in high yields by bacteria 
perhaps explaining the similar behaviour of these two sugars indicated in Figure 5.19, and suggesting 
the incorporation of bacterially derived carbohydrates in BENBO sediments as OM remineralisation 
proceeds. Other studies have shown rhamnose and fucose increase with increasing degradation 
(Cowie et al., 1992; Hernes et al., 1996; Hedges et al., 1999). 
The position of arabinose as a negative contributor to score for the first principal component may 
result from a speculated association with carbonate minerals (Ittekot et al., 1984a,b). Alternatively it 
could result from the accumulation of material of zooplankton origin. Copepods are enriched in 
arabinose, ribose, and xylose although ribose is typically a storage sugar (i.e intracellular) rather than 
associated with structural components (Cowie and Hedges, 1996). If arabinose and xylose are 
associated with the structural material of zooplankton, namely chitin, it is possible that other 
organisms containing chitin such as foraminifera, may also be enriched in these sugars, in a similar 
vein to the enrichment of aspartic acid in many carbonate-mineralisers (Section 5.7). Neutral sugars 
associated with foraminifera and coccolithophorids are likely to contribute to these sediments. The 
dominance of mannose over glucose was observed moving progressively downcore in carbonate-rich 
BENBO sediments, but in the glacial clays at the base of site A glucose, as in surface sediments, again 
became dominant. In a study of deep Equatorial Pacific sediments, Hernes et al. (1996) found 
mannose to be the dominant sugar in carbonate sediments, but in glacial clays glucose was the most 
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Figure 5.21 Downcore plot of the scores for the first principal component obtained from PCA 
conducted on the neutral sugar data presented in Table 5.3 for sediments collected at BENBO 
sites A, B and C, during CD111 (•) and CD113 (0) and fluff material collected at site C during 
CD113 (A). 
abundant sugar. Therefore, elevated yields of mannose relative to other sugars seem to be a feature of 
carbonate-rich sediments, suggesting the occurrence and possibly protection of mannose in carbonate-
mineralisers. 
Even though it has been possible to explain the position of different sugars on the factor coefficient 
plot (Figure 5.19), the plot of first and second component scores (Figure 5.20) is more difficult to 
interpret. The scores plot shows a consistent trend of the freshest samples, source organisms, and trap 
samples and fluff material, having the highest scores on the first principal component axis but then 
interpretation of the scores plot becomes more complicated compared to what was seen in the amino 
acid PCA. Sediments all plot towards the negative end of the first component axis and there appears 
to be a general tendency on the second component axis for site A to have a more positive score than 
sites B and C. What these higher relative yields of ribose in site A versus site B and site C sediments 
represent is not known at present. It should be noted, however, that carbohydrates are very variable in 
source organisms (Cowie et al., 1984a) and thus, it is more likely that the neutral sugars reflect more 
of a mixed source/ preservation signal than was the case for amino acids. Additionally, errors were 
greater for neutral sugar than for amino acid analyses and it is probable that errors also contributed to 
the scatter in the data. In an attempt to investigate the generated components more closely each 
component has been examined in turn. 
Scores for the first component (Figure 5.21) are consistent with the interpretation that this component 
reflects the early stages of degradation. Fluff material yielded the highest values followed by surface 
sediments, with scores at site C > site A> site B. The largest variation, a general decrease, is 
observed in the top 3-4 cm at site B and the top 7-8 cm at sites A and C. 
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Figure 5.22 Downcore plot of the scores for the second principal component obtained from PCA 
conducted on the neutral sugar data presented in Table 5.3 for sediments collected at BENBO 
sites A, B and C, during CD111 (•) and CD113 (0) and fluff material collected at site C during 
CD113 (A). 
Rather surprisingly in view of the low OC content and the previously indicated advanced degradation 
state of the glacial clays at the base of site A, the sediments at the base of site A have a higher score 
than those at site B and C. There appears to some process leading to an enrichment of glucose in 
glacial clay samples at site A, relative to sediments at the other two sites. It may be preservation of 
structural material rich in glucose (e.g. Lehninger, 1982; de Leeuw and Largeau, 1993), relative to 
material rich in other neutral sugars that is becoming evident at the base of site A. The accumulation 
of cell wall OM with increasing degradation has been reported in a number of studies (e.g. Cowie et 
al., 1992). Therefore, the first component dominated by glucose may reflect the initial rapid 
degradation of the most abundant neutral sugar in organisms, glucose (Cowie and Hedges, 1984), in 
the form of glucose-rich storage polysaccharides followed by accumulation of glucose-rich structural 
molecules at advanced stages of degradation. 
Downcore plots of the second principal component (Figure 5.22) reveal the degree of scatter within 
sites for this component and therefore provide no further information regarding the process giving rise 
to this component. There is a common feature of a subsurface minimum in the 1-1.5 cm horizon at 
each site, which would have been caused by relative enrichments within the group of neutral sugars: 
fucose, mannose and rhamnose, and relative depletions among ribose, arabinose, galactose and xylose. 
Sediments at site A appear to be enriched some or all of the neutral sugars ribose, arabinose galactose 
and xylose although it is presently not clear whether this is due to differences in the source or 
preservation of OM at site A. 
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51. Compositional Indices of OET and BE: Relationships between 
amino acid indices of degradation state, OET and BE? 
In this section the use of amino acids as an indicator of OET and BE is investigated. A large amount 
of amino acid data already exists and if amino acids do prove to be a good indicator of OET and BE 
then it will be possible to compare numerous amino acid data sets that currently lack OET and BE 
estimates. This would enable the interplay between source and oxidative degradation effects apparent 
from BENBO data to be refined by the inclusion of other sediments with a range of sources and 
different mineralogies and could include future studies where sampling is limited to sediment cores 
only. A universally applicable index of OET would be of great benefit to palaeoceanographic studies 
where 02 penetration depths cannot be measured. This exercise should also provide further 
information on the processes that lead to differences in OM burial at the three BENBO sites. 
Amino acids were first considered at the simplest level using mass-normalised yields. 
5.7.1. Amino acid yields 
Figure 5.23 shows that there is a strong positive correlation between amino acid yield and OC: SA 
ratios and that there is a consistent pattern of decrease with traps > fluff > surface sediment > deep 
sediment. There is also a pattern of post-bloom enrichment evident from increased OC: SA and 
THAA at sites B and C, which together with the trends for sample types indicate that there is a 
common controlling process between OC: SA and THAA yields in BENBO sediments, namely OM 
decay. The largest decreases in both OC: SA and THAA occur between the water column samples 
and surface sediments, again reinforcing the importance of the BBL as a site of OM alteration. 
When the plot is expanded to examine the sediments in detail, a clear downcore pattern is observed 
reflecting in situ degradation within each site. In fact, site A appears to be a continuum of the 
degradation seen at site B. That is, there appears to be a similar trend between OC: SA and THAA at 
sites A and B, with similar mineralogy, which is consistent with the increased water depth and OET at 
site A compared to site B. The largest proportion of the degradation in both OC: SA and THAA in 
sediments occur at the surface of cores. Amino acid and OC: SA values tend towards some common 
value at the base of cores collected at each site, suggesting a sorptive preservation effect for amino 
acids similar to that that cited for OC (e.g. Mayer, 1993, 1994 a,b; Keil et al., 1994; Hedges and Keil, 
1995). 
The THAA yields can also be compared with OET estimates. In sediments above the oxygen 
penetration depth at each site, OET was calculated by determining the mid-point of each depth 
horizon as a fraction of total oxygen penetration depth and then multiplying the result by the 
calculated site maximum OET. For sediment trap samples, the OET for each trap was estimated to be 
a product of the distance that particles had travelled from surface waters (depth of water column 
minus height of the trap above the seafloor) and of a literature-based estimated sinking rate of 100 in 
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Figure 5.23 Plot of THAA versus surface-area normalised OC yields for BENBO sediment and 
sediment trap samples. The right-hand plot is an expansion of the left-hand plot enabling 
distinctions to be made between sediment samples. 
OET begins when material starts to sink. However, for this material an OET range was estimated to 
include the unknown period of time spent at the sediment water-interface prior to the material being 
sampled. The water column OET for fluff material was calculated as for sediment trap material, by 
assuming a similar sinking rate. The total exposure time was therefore, the sum of the sinking time of 
19 days (1900 m water depth x 100 m day - ' sinking rate) plus the length of time from first 
encountering bottom to being sampled. The fluff material could have first reached the seafloor 
anytime between the first day after leaving site C during the final phase of CD 111(14th May, 1997) 
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and first day of site C sampling during CD 113 (30th June, 1997) giving an possible OET range of 19-
66 days for this material. 
The plot of log OET versus sample THAA yield (weight-percent) showed a consistent trend of 
decreasing THAA with increasing OET for all samples except the fluff material, although there was 
no log-linear relationship between these two parameters. This appears to confirm that fluff material 
contained fresh OM diluted with BNL particles from the water column that have been extensively 
degraded (e.g. low THAA yields) having undergone numerous resuspension/ deposition cycles. The 
actual cumulative OET for fluff material comprising of sinking detrital remains and scoured clays 
will, therefore, be much higher than simply the time that it takes for the direct passage of sinking 
material through the water column. Effectively, the relatively "fresh" phytodetritus has been diluted 
by higher OET material. This apparent dilution of fluff demonstrates the need to consider the OC: SA 
ratio and degradation state of incoming material to a given depositional site. The influence of 
variations in the degradation state of incoming material are illustrated further by the higher amino acid 
yields in the oxidised Madeira Abyssal Plain turbidite (-16 mg!g dry wt.) than in BENBO sediments 
(<2.5 mg/g dry wt.) despite having an OET of ca. 10000 years compared with estimated in situ OET's 
<4000 years for BENBO sediments. Higher oxidised turbidite amino acid yields probably result from 
the fact that the turbidite sequence originated on the upper continental slope and had a relatively high 
OM content as indicated by the relatively high yields of OC (0.93 - 1.02%) and amino acids (- 66 - 76 
mg!g dry wt.) in unoxidised turbidite horizons. Across the turbidite oxidation front, a comparable 
decrease in %OC occurred to that seen downcore at BENBO site A (- 80%) but more amino acids are 
preserved in the oxidised turbidite than in BENBO sediments because of the higher initial OM 
content. 
Within BENBO sediments there is a consistent pattern of decreasing THAA with increasing OET 
until the maximum OET is reached of— 4000, 500 and 300 years, at sites A, B, and C, 
respectively. In their study of OET and OM degradation state on the Washington Margin, Hedges et 
al. (1999) suggested that the extent of degradation was insensitive to OET > 200 years. This was 
clearly not the case in BENBO sediments where OET effects were evident in horizons with OET> 
200 years at all three sites. Amino acid yields continued to decrease beyond 200 years of 
sedimentary 02 exposure and significant degradation proceeds to sediment depth horizons contiguous 
with the 02 penetration depth. 
In horizons buried below the oxygen penetration depth there is evidence of continued in situ 
degradation as THAA yields continue to decrease. At the base of cores, where OET's should be the 
same based on current estimates of 02 penetration depth and sediment accumulation rates, amino acid 
yields should be the same if OET is the sole control on amino acid yields, but it is apparent from 
continued decreases in amino acid yields that suboxic and anoxic remineralisation are taking place. 
Alternatively, degradation below the current 02 penetration depth may also reflect oscillations in the 
02 penetration depth. However, despite the apparent continuance of amino acid degradation in 
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Figure 5.24 Regression plot of THAA versus OET for the BENBO sediment samples whose 
surface areas were measured, and presented in Figures 5.22 and 5.23. 
horizons below the oxygen penetration depth, there is a strong inverse log-linear relationship between 
amino acid yields and OET over all BENBO sediments (Figure 5.24). 
5.7.2. The Dame and BENBO Degradation Indices 
Amino acid yields at these sites are related to OET but this may not be the case at all sites, particularly 
where variations in OM source and productivity occur (e.g. BENBO sediments compared with 
oxidised turbidite). In this section, newly derived amino acid degradation indices derived using PCA 
are examined as potential indicators of OET. This should also confirm whether OET is truly the 
primary control on OM degradation in deep sea sediments, as OET should, if this is the case, co-vary 
with OM diagenesis. 
It was suggested by Dauwe et al. (1999) that the degradation index that they presented discounted 
source differences and could provide an indicator of degradation state. They found that there was a 
logarithmic relation between the first order decay constant of bulk OM and the degradation index of 
amino acids in the North Sea, implying that the degradation index that they derived also reflected the 
degradability of bulk OC. Using the Dauwe Index to calculate scores for BENBO samples (Figure 
5.13), the agreement with expected downcore trends in OM degradation state was generally good but 
was perhaps compromised by accumulation of aspartic acid at depth in these carbonate-rich 
sediments. 
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Figure 5.25 Plot of Degradation Indices versus surface-area normalised yields in BENBO 
sediment and sediment trap samples. The right-hand plot is an expansion of the plot on the left 
providing a better view of sediment trends. Lines of best fit have been calculated for each site. 
NB. Fluff sample was not included in Site C regression calculation. 
The Dauwe degradation index shows good agreement with the expected trend of increasing OM 
degradation state passing from the most labile to the most degraded in the sequence: sediment traps> 
fluff > surface sediment> deep sediments (Figure 5.25). Within this general pattern, the unusual 
situation of the lower trap containing less degraded material than the upper trap can clearly be seen for 
site A trap samples, as is the apparent similarity between fluff material and the sediments below. 
The BENBO degradation index also shows an overall trend of increasing OC: SA ratios with 
decreasing degradation index scores (Figure 5.25). The amino acid compositional changes 
distinguished by the first principal components of the Dauwe et al. and BENBO degradation indices 
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are brought about by the same process that leads to OC: SA decreases in sediments, namely OM 
degradation. The relationship between the BENBO Degradation Index and sample OC: SA ratios are 
poorer for sediment trap samples and in other samples where OC: SA ratios fall within, or exceed the 
range of values typical of continental margin sediments, than was apparent for the Dauwe et al. 
Degradation Index. Using the BENBO Degradation Index, the "fluff material collected at site C 
during CD 113, appeared to be freshest, perhaps because of the low IC content of this material and the 
apparent "tuning" of the BENBO Degradation Index towards samples rich in CaCO 3 . 
Expanding the plots to examine the relationship in sediments in more detail for the two degradation 
indices, it is evident that the scores obtained for sediments present at depth at each site were highest at 
site C. The Dauwe et al. Index indicated sediments at depth at site A to be the most degraded, 
whereas similar sites scores were calculated for sediments at depth at sites A and B using the BENBO 
Degradation Index. Although all sites displayed a relationship between sample OC: SA ratios and 
Degradation Index scores, this relationship was site-specific. The gradient of a line of best-fit drawn 
for sediment samples from each site showed the same pattern for both Degradation Indices following 
the trend of C>> B > A (see colour-coded equations of best-fit lines included in Figure 5.25). At site 
C, much smaller decreases in sediment OC: SA ratios occur between samples reflecting the higher OC 
preservation at this site even though amino acids continue to be degraded. This pattern of small OC: 
SA changes probably reflects the lower OET at this site but it may also be influenced by the higher 
adsorptive capacity of sediments at site C, (although it should be noted that at all three sites available 
SA will be present in large excess in all three sediments), and the greater diversity of adsorption sites 
in this site where the mineralogy is dominated less by CaCO 3 . 
In Chapter 4, it was shown that only differences in OET could explain the differences in sediment OC: 
SA ratios observed in a variety of continental margin settings. Hedges et al. (1999) found that OM 
became increasingly more degraded as OET increased (Figure 1.13). In BENBO sediments, such a 
pattern of variation has been more difficult to prove conclusively. A number of biochemical indices 
diagnostic of OM degradation state seem to indicate that OM at site B is the least degraded, and the 
OM present at each site is also clearly influenced by differences in mineralogy and sediment delivery. 
The newly-developed Degradation Indices (Dauwe et al., 1999 and this study) have therefore been 
examined in the context of OET in an attempt to confirm whether a pattern of increasing OM 
degradation with increasing OET is robust for BENBO samples (Figure 5.26). These new 
Degradation Indices have the advantage over more traditional parameters used to assess OM 
mineralisation because they offer the double benefit of being highly sensitive and being based on a 
significant proportion of identifiable OM. 
A number of features observed previously such as the poorer resolution of the BENBO Degradation 
Index compared to the Dauwe Degradation Index for samples containing "fresh" OM, and the 
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Figure 5.26 Plot of Dauwe Degradation Index versus oxygen exposure time for BENBO 
sediment and sediment trap samples. The right-hand plot is an expansion of the plot on the left 
providing a better view of sediment trends. A composite line of best fit has been calculated for 
sediment samples. 
apparent underestimate of the OET of fluff material are evident in Figure 5.26. The expanded plot 
showing the sediments in detail indicates a general trend of decreasing Degradation Index Score (i.e. 
becoming progressively more negative) with increasing OET. These two degradation indices, in 
contrast to some more traditional OM degradation indices, show that the least degraded material is 
found at depth at Site C, suggesting that OET is one of the main influences on the degradation state of 
OM ultimately preserved in BENBO sediments. At sites A and B, there seems to be a similar 
"degradation end point" with similar scores being obtained in the most degraded sediments at each 
site, even though there were big differences in the age of sediment (> 20, 000 years at site B). Hedges 
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et al. (1999) suggested on the basis of what they interpreted to be a "tailing off' in the apparent 
amount of OM degradation at OET's >200 years, that there may be a threshold of OET above which 
significant differences in OM degradation are not observable. The 200 year threshold clearly does not 
exist for BENBO sediments, although a "tailing off' in the effect of 02 exposure could exist in this 
region but with a higher OET "cut-off' point than was suggested by Hedges et al., 1999). 
Remineralisation of OM, however, appears to continue at each site in the sub-oxic and/ or anoxic 
sediments below the depth of oxygen penetration. The "range" of recorded values for the two 
Degradation Indices in sediment horizons below the depth of 02 penetration were greatest at site B, 
followed by site C, and then site A. These differences in OM degradation below the depth of 02 may 
reflect differences in the microbial consortia at the three sites or alternatively they may reflect 
differences in the number of times that OM is subject to oscillating redox conditions. Oscillations in 
the redox conditions within sediments have been suggested to lead to enhanced OM degradation 
(Aller, 1994) and the re-exposure of material buried under anoxic conditions (e.g. deposited in oxic, 
buried in anoxic, re-exposed to oxygen) have also been found to result in greater OM degradation 
(Hulthe et al., 1998). Such processes may be particularly important in OM-poor sediments such as 
those at BENBO sites, where the OM is relatively refractory, because although fresh material 
degrades at similar rates in the presence or absence of oxygen (Westrich and Berner, 1984), older, 
more refractory material is thought to degrade more quickly in the presence of 02. Redox oscillations 
will occur in sediments when depth of bioturbation is greater than depth of oxygen penetration. The 
potential for redox oscillations to occur should be greatest at site B, the site where bioturbation is 
greatest (Section 4.6.3, Table 4.3) followed by C then A. It is therefore possible that differences in the 
extent of OM degradation in sediments, as indicated by the two degradation indices, may also reflect 
the extent to which sedimentary OM is re-exposed to OM. 
In summary, it is clear that sediment OC: SA ratios, and scores for the Dauwe et al. and BENBO 
Degradation Indices display decreasing values in sediments with increasing OET's reflecting stages of 
OM alteration for OET's ranging from days to thousands of years. Based on the above findings it 
seems clear that degradation indices calculated using large data sets of amino acid mole % 
compositions have the potential to be used as an indicator of OET, which would be invaluable to 
palaeoceanographic researchers interested in investigating past oceanographic conditions. 
As was observed for sediment OC contents, normalisation of biochemical yields to sediment SA 
indicate that asymptotic concentrations of amino acids and carbohydrates are approached at depth in 
BENBO sediments, indicating that specific biochemical groups also undergo sorptive preservation. 
Such profiles have not been observed formerly, as previous studies examining downcore variations in 
biochemical yields have not included surface area analyses. Downcore profiles of SA-normalised 
hexosamines, unlike amino acids and carbohydrates, did not decrease downcore to asymptotic values 
but became enriched at depth in CaCO 3-rich samples. The reason for such SA-normalised 
hexosamine distributions are presently unclear although the preservation of matrix-associated OM 
coupled with decreases in surface roughness as a result of CaCO 3 dissolution are a possibility. 
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Figure 5.27 Downcore profiles of surface-area normalised yields of total hydrolysable amino 
acids (THAA), total hydrolysable hexosamines (THHA) and total hydrolysable neutral sugars 
(THNS) in fluff material and sediments collected at BENBO sites A, B, and C, during cruises 
CD111 and CD113. 
5.8. Summary 
In Table 5.4 some of the main conclusions of Chapter 5 are highlighted. A similar pattern of 
downcore losses is seen in the labile biochemicals amino acids and carbohydrates, to that displayed by 
bulk OC indicating that both the quantity and quality of OM buried is governed primarily by OET. 
Superimposed on this were the influences of OET prior to deposition, OM source and sorptive 
preservation effects. The protection of OM within the organic matrices of CaCO 3 biomineralisers 
appeared to be particularly influential on the composition of OM preserved at depth in CaCO 3-rich 
horizons, which apparently led to downcore increases in hexosamines that were clearly not controlled 
by the same degradative influences that caused amino acid and carbohydrate yields to decrease (Table 
5.4). In sediments of different mineralogies differential OM degradational "end-points" were apparent 
which suggested that it is not appropriate to apply the traditional OM degradation index %(BALA + 
GABA) to the CaCO 3 -rich sediments that cover —50% of the sea floor. 
Analyses of samples across the BBL indicated this region to be an important site of OM alteration. 
Based on the OC: SA ratios of sediment trap samples it is clear that seasonal variations in the 
parameter exist for material delivered to the seafloor, but the OC: SA ratio of sedimentary material is 
determined primarily by processes occurring the BBL. The OC content and OC: SA ratio of fluff 
material particularly highlighted this, as it had a low OC content and low OC: SA ratio as a result of 
the incorporation of particles heavily recycled in the BBL, but also contained OM of a labile 
character. 
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Table 5.4 Percentage decreases between surface horizons and the base of cores collected at 
BENBO sites A, B and C of amino acids, carbohydrates and hexosamines, which are then 
compared with decrease in bulk OC as well as measures of OET and burial efficiency presented 
in Table. 4.3. 
Site A Site B Site C 
Average surface OC concentration (pg/g) 3900±50 6400±800 6900±300 
Background OC (pg/g) —2100±400 —3900±500 —4900±500 
% OC decrease between surface and background 50 40 30 
Average surface OC: SA (pg m 2) 260±10 530±200 270±10 
Background OC:SA (pg m 2) —60±20 —270±20 —200±10 
% OC:SA decrease between surface and background 80 50 30 
Average surface total hydrolysable amino acids (pg m 2) 68.7±0.7 188.2±36.7 83.1±12.6 
Background total hydrolysable amino acids (pg m 2) —7.3±6.6 —83.4±8.8 —45.0±15.1 
% THAA decrease between surface and background 90 60 50 
Average surface hydrolysable hexosamines (pg m 2) 3.9±0.3 12.2±3.0 2.9±0.1 
Background total hydrolysable hexosamines (pg m 2) —1.2±0.3 —22.3±5.1 —7.2±2.0 
% HA decrease between surface and background 70 .80* .150* 
Average surface neutral sugars (pg m 2) 28.1±3.2 78.6±2 1.5 25.9±0.1 
Background neutral sugars (pg m 2) —5.8±4.9 —33.5±15.1 —16.2±8.7 
% NS decrease between surface and background 80 60 40 
Average surface identifiable biochemicals (pg m 2) 100.9±4.1 279.1±61.2 111.9±12.8 
Background identifiable biochemicals (pg m 2) —14.3±11.8 —139.2±29.0 —65.3±25.8 
% biochem. decrease between surface and background 90 50 40 
Estimated oxygen exposure time (years) 4000 500 300 
Burial Efficiency based on 02 modelling 10.30# 18-26 ND 
Burial Efficiency based on NO 3 modelling 10(8-12) 12(9-12) 25(19-34) 
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6. Refinements to the OM Burial Process 
6.1. Introduction 
In this chapter, a number of processes are investigated that have the potential to influence the quantity 
and quality of OM buried. In Chapters 4 and 5, the main controls on OM amount and composition of 
OM buried in BENBO sediments were determined. This chapter aims to refme these influences by 
looking at the effect that localised processes including sediment and OM source, matrix preservation, 
reversible OM partitioning and resuspension, and the transfer of OM to depth by bioturbation, might 
have on the distribution and reactivity of OM at these sites. 
6.2. Particle size and OM Reactivity 
6.2.1. Introduction 
In Chapter 4, particle size data were presented for BENBO sediments (Figure 4.1) that indicated that 
sediments at sites B and C were finer than at site A, and that site C sediments had a higher clay 
content than sediments at site B and in the upper horizons of site A. Coupled with these grain size 
variations were differences in sediment %OC and %TN which were governed by the cumulative 
length of time that this OM was exposed to 02, and the BE of OM in the BENBO region, as on the 
Washington Margin, was determined by the length of time that sedimentary OM was exposed to 02 
within the sedimentary environment. 
In Chapter 5, the degradation state of OM at depth was also found to reflect in situ 02 exposure. 
However, the relative contributions of identifiable biochemicals, particularly amino acids and 
hexosamines, demonstrated the influence of OM source coupled with matrix preservation effects, on 
the composition of preserved organic material, and indicated that sorptive effects may also have 
contributed to the degradation state of OM buried at depth in BENBO sediments. These two 
influences (i.e. source and sorption), were particularly highlighted by the compositional differences in 
remaining OM in the finer glacial clays at site A (non-protein amino acid-rich and hexosamine-poor), 
compared to the generally coarser carbonate sediments present at depth in sites B and C (aspartic acid-
and hexosamine-rich). There appear to be a number of intrinsic differences between particles at each 
site; e.g. mineralogy including carbonate content, and surface roughness. Figure 6.1 demonstrates that 
differences exist between sediment SA values in samples of similar clay content that are superimposed 
on the expected trend of increasing SA with decreasing sediment grain size. Such variations in surface 
roughness may play a critical role in determining the composition of OM preserved at depth, 
particularly if sorptive protection of OM within pores is significant, just as 02 exposure appears to 
determine the quantity of OM buried. One method that has the potential to provide insights into the 
effect of particle properties on OM composition in these sediments is to examine the OM associated 
with different sediment size-fractions. Grains within different size-classes are likely to display 
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Figure 6.1 Sediment mineral surface area versus percent clay for BENBO sediment collected 
during CD111 and CD! 13 at sites A, B and C. 
differences in source and mineralogy, and to have been subject to different transport processes and, 
hence, to different degrees of alteration. A subset of size-fractionated sediments has been studied to 
further investigate controls onBENBO OM in an attempt to determine the potential relative 
importance of mineralogical, sorptive, source and particle transport processes to the composition of 
OM ultimately preserved in BENBO sediments. 
BENBO sediments from selected horizons and fluff material were separated into two size-fractions of 
<20 gm and > 20 jim (see Section 3.7 for separation procedure details). This cut-off size was 
selected on the basis that it coincided with a "dip" in the bimodal grain-size distribution observed in 
the majority of BENBO sediments subject to particle size analysis, and was equivalent to the cut-off 
point for "easily resuspendable" material suggested by Gardner et al. (1985). 
6.2.2. Bulk Assessment of OM Associated with Different Size Fractions 
In general, %OC was greater in the fine fraction (< 20 pm) than in the coarse fraction (> 20 pm) 
(Figure 6.2). The distribution of %OC among coarse and fine fractions compared to the bulk 
sediments was generally consistent for the maintenance of an OC mass balance within the boundaries 
of analytical precision. Only in fluff material and surface sediments collected at site B during CD 111, 
did the coarse fraction clearly contain a greater %OC and the apparent mass balance between bulk 
sediments and size-fractions break down. The grain-size distribution of fluff material and surface 
sediment at site B were among the fmest encountered, along with those at the base of site A, and I 
suggest that the higher %OC in coarse material in the fluff material and surficial sediments in the 
185 
Chapter 6: Modification Mechanisms 
samples (fluff and site B surface sediments collected during CD! 11) may reflect the presence of intact 
organic debris, particularly in the fluff sample, and the difficulty of obtaining a representative sample 
of the relatively small coarser fractions. The downcore pattern in %OC in size-fractionated sediments 
in the CD! 1! core at site A and the CD 113 core at site C, reflect the downcore bulk %OC distribution, 
showing a general decrease in %OC values with depth. 
In contrast to %OC, %TN appeared to be more uniform between the two size classes and bulk 
sediments (Figure 6.2). The relative distribution of %TN in fine versus coarse fractions reflected the 
pattern seen in %OC with only fluff material and site B surficial material coarse fractions having a 
greater TN content than their fine counterpart. Unlike %OC however, a "mass balance" is not 
apparent between bulk and size-fractionated sediments in a number of size fractionated horizons, 
particularly at depth at site C (CD 113, 7-8 cm and 17-19 cm), suggesting a loss of N during the 
fractionation procedure. A loss of N is confirmed upon examination of (OC/TN) a in size-fractions and 
bulk sediments (Figure 6.2). In the majority of sediment horizons subject to size-fractionation, the 
(OC/TN)a was higher in both size-fractions than in bulk sediment indicating that during the 
fractionation procedure preferential loss of N had occurred. It is not possible to determine whether 
this N loss was due to inorganic or organic forms of N. The large discrepancies in (OCITN) a in the 
deeper sediments at site C, coupled with greatest apparent under-representation of N in terms of a 
"mass balance" between size-fractions and bulk sediments, are more likely due to the loss of adsorbed 
NH3 , which would be expected to increase with depth in sediments in contrast to organic N forms 
which typically decrease. 
The %CaCO3 content was greater in the coarser size-fraction reflecting a greater contribution of other 
minerals, presumably clays, to the fine fraction (Figure 6.2). It is likely that %CaCO 3 in the coarser 
fraction was dominated by foramimferal tests that contributed greatly to sediments in this region (see 
Section 4.2). The fine fractions at site B had a higher CaCO 3 content than fine material at site A 
where bulk sediment horizons were also carbonate-rich, which in turn were greater than the fine 
material at site C, and the glacial clays at site A. This fine material at site B also had the lowest SA of 
any of the fine fractions (Figure 6.2) confirming, as was suggested in Chapter 5 and in Figure 6. 1, that 
the carbonate-rich material at site B had a low degree of surface roughness. In fact, in the finer size-
fractions there appears to be a general trend at all sites of increasing SA with decreasing %CaCO 3 . 
This reduced surface roughness is unlikely at these low OM concentrations, to have implications for 
sorption through a limitation of protective mesopores in which OM can bind if this, as suggested by 
Mayer (1994a,b), turns out to be critical to sorptive preservation. However, it appears to influence the 
bulk OC: SA values of bulk sediments, which are much higher at site B, by limiting the contribution 
of finer particle SA to bulk sediment SA values. As expected from grain-size characteristics, coarser 
fractions had a lower SA than finer fractions, and showed no consistent variation among sites.The low 
SA in coarse compared to fine fractions meant that the > 20 .tm fraction had a higher OC: SA ratio in 
all but one size-fractionated sediment horizon. The OC: SA ratio was highest in the coarse fraction of 
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Figure 6.2 Percent OC, TN and atomic C/N ratio for bulk and size-fractionated (<20 Pm and> 
20 .&m) sediments, and %CaCO3, SA and OC: SA ratio for coarse (> 20 rim) versus fine material 
(<20 pin) in selected BENBO sediment horizons at sites A, B and C, and in fluff material 
collected during CD 113 at site C. 
fluff material and was in excess of those loadings typical of continental margins (> 1.1 mg OC m 2) 
reflecting the freshness of this material. The coarse fraction of surface sediment collected at site B 
during CD11I, and at site C during CD1 13 had an OC: SA ratio within the Continental Margin Range 
of 0.5 - 1.1 mg OC m 2 . Unfortunately, a lack of sample in the 0-0.5 cm horizon at site B in the core 
collected during CD 113 meant that a 0.5-1.5 cm horizon had to be used for size-fractionation instead. 
However, based on the high OC: SA of bulk sediments in the 0-0.5 and 0.5-1 cm horizons at site B in 
the CD113 core, it is likely that the coarse fractions of surficial sediments (0-0.5 cm) at site B would 
also fall within the Continental Margin Loading range. All the remaining coarse material fell below 
this range, as did all of the fmer fractions because of their higher SA. The range of OC: SA ratios in 
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BENBO size-fractions was much greater than those observed on the Washington Margin where OC: 
SA ratios all fell within the range of Continental Margin Loadings with an average value of - 0.76 mg 
oc 1117 2 irrespective of mineralogy (Keil etal., 1994b). The OC: SA ratio of BENBO sediments, 
therefore, appears to be influenced by processes that are not present on the Washington Margin, 
namely widely differing particle delivery mechanisms and/or degradation processes between coarse 
and fine fractions. 
In most cases in BENBO sediments, the OC: SA was greater in coarse versus fine fractions. This is 
consistent with the findings of Keil et al. (1997) who found that OM associated with the finest grain 
sizes was most degraded and with the size-reactivity continuum model of Amon and Benner (1994), 
which states that OM becomes progressively more degraded with decreasing size (i.e. coarse particles, 
fine particles, colloids, dissolved OM). The more advanced degradation state of the smaller size-
fraction may result from different transport processes of coarse and fine particulates. Fine particles 
are more susceptible to resuspension and may spend longer periods of time at the sediment-water 
interface exposed to 02 and elevated bacterial activity. 
In summary, despite desorptive losses during separation, apparently primarily of N, the bulk 
properties of size fractions indicate that, as anticipated on the basis of expected SA, the OC content of 
the <20 p.m fraction was greater than the OC content of coarser material. However, the OC: SA of 
these fine fractions was lower than the parallel coarse material indicating that they were more 
degraded. However, differences in the degree of surface roughness between finer size-fractions also 
appeared to have a role to play in the resulting OC: SA ratios. In the following section the 
degradation state of OM associated with each size-class is investigated further. 
6.2.3. Biochemical Assessment of Relative Reactivity 
The proportion of OC identifiable as amino acid (%AA-C) was generally greater in coarse compared 
to fine size fractions (Figure 6.3a) and was higher in surface horizons than in size fractions at depth, 
following the pattern displayed by %OC. These variations were consistent with a more enhanced 
degradation state of OM associated with the finer fraction and with the in situ sedimentary OM 
alteration downcore discussed in Chapter 5. The exceptions to the pattern of greater %AA-C in coarse 
fractions, were the finer surface fraction at site B collected during CD! 11 and the finer fractions at 
depth at sites A (26-28 cm) and C (7-9 cm and 17-19 cm). These deep sediment horizons were all of 
apparently higher clay content than the finer fractions of other sediment horizons and I suggest that 
the higher %AA-C in these fractions relative to their coarser counterparts, reflects the sorptive 
protection of amino acids in these deeply buried horizons. Keil et al. (1997) found that amino acids 
were enriched in clays relative to coarser sediment fractions. In contrast, %AA-N were similar in 
coarse and fine fractions in the present study. Only in coarse fractions from surface of cores collected 
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Figure 6.3 Percent amino acid (A) and hexosamine (B) carbon (%AA-C and %HA-C, 
respectively) and percent amino acid and hexosamine (D) nitrogen (%AA-N and %HA-N, 
respectively) in size-fractionated BENBO sediments from selected horizons at sites A, B, and C 
collected during CD111 and CD113 and in fluff material collected at site C during CDII3. 
Error bars represent range of measured values about presented sample mean (n=2). 
at sites A and C and in fluff material was %AA-N greater in coarse versus fine material outside the 
bounds of reproducibility (Figure 6.3b). This suggested that amino acids formed equally important 
contributors to N in coarse and fine fractions, but were more important contributors to OC in coarser 
material. This parity in %AA-N in coarse and fine fractions, particularly in the subsurface sediments 
even though OC: SA ratios suggest that fine fractions are more degraded, indicates that sorptive and/ 
or matrix protection effects play a critical role in the preservation of N. It should be noted that these 
relatively high %AA-N values in fine fractions were coupled with an apparent sorptive loss of N, 
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possibly including ON, in most of these fractionated horizons. The amount of scatter in the 
proportion of OC present as hexosamines (%HA-C) makes it difficult to draw firm conclusions on the 
relative importance of these biochemicals to OM in each size fraction (Figure 6.3c). Percent RA-C 
was consistently higher in fine fractions at site A and may have been higher in fine fractions at depth 
at site C, although one data point was subject to a large error. The proportion of N present as 
hexosamines (%HA-N) was subject to much smaller errors enabling firmer conclusions to be drawn 
(Figure 6.4d). Percent HA-N was greater in <20 im size-fractions with the exception of sediment in 
the 0-1 cm horizon at site C collected during CD 113. Hexosamine-rich N, therefore, appears to be 
primarily associated with the fine fraction, reflecting either the preferential accumulation of 
bacterially-derived molecules within the finer material (i.e. variations in in situ degradation processes 
associated with coarse and fine particles), and/ or the influence of different sediment sources to these 
two size classes. 
In order to investigate possible differential sorptive preservation between the two size fractions, the 
distribution of amino acids among different charge/ structural classes has been investigated (Figure 
6.4). The relative contributions of acidic amino acids to the total amino acid pool in coarse and fine 
sediment classes appeared to vary according to the depth of burial of the size-fractionated material 
(Figure 6.4a). Generally, surface sediment horizons, fluff material and material at 1-1.5 cm at site A 
displayed higher proportions of acidic amino acids in the < 20 gm fraction compared with the > 20 
gm fraction, whereas at depth the contribution of acidic amino acids was greatest in the coarse 
fraction and was higher than in surface horizons. This suggests that different mechanisms of acidic 
amino acid partitioning occur between size fractions at different depths in these sediments. One 
possibility is that the enrichment of acidic amino acids in < 20 j.tm surface horizons results from the 
reversible preferential adsorption of acidic amino acid-rich OM in fine fractions in surficial sediments 
that desorbs back into sediment porewaters as degradation reduces dissolved amino acid 
concentrations with time. The later-stage acidic amino acid enrichment in coarser particles at depth 
may reflect matrix-protected amino acids that become more significant as degradation proceeds. 
In contrast to acidic amino acids, basic amino acids in the finer fractions are elevated at depth, 
presumably as degradation proceeds, and become enriched relative to the coarser fraction (Figure 
6.4b). The prevalence of basic amino acids in < 20 	material subject to more prolonged in situ 
degradation is consistent with the observation that basic amino acids preferentially associate with clay 
minerals (Hedges and Hare, 1987; Sugai and Henrichs, 1992; Henrichs and Sugai, 1993) and that 
amino acids sorbed to such minerals are protected from remineralisation (Wang and Lee, 1993). In a 
similar fashion, non-protein amino acids increase in the finer fraction with depth both relative to 
surface samples and to their coarser counterparts (Figure 6.4c). The accumulation of non-protein 
amino acids with depth is consistent with their production from protein amino acid precursors (e.g. 
Lee and Cronin, 1984). Their enrichment in the fine fraction with depth supports conclusions drawn 
from the PCA of BENBO sediments presented in Chapter 5, namely that non-protein amino acids 
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Figure 6.4 Mole percent contributions of acidic (A), basic (B), non-protein (C) and aromatic (D) 
amino acids in size-fractionated BENBO sediments from selected horizons at sites A, B, and C 
collected during CDI11 and CDI13, and in fluff material collected at site C during CDI13. The 
amino acids within each group are as follows: acidic: aspartic acid and glutamic acid; basic: 
histidine, arginine and lysine; non-protein: f3-alanine, y-amino butyric acid, and ornithine; 
aromatic: tyrosine and phenylalanine. 
The only other amino acid structural group that showed discernible variations between the < 20 .un 
and > 20 im size fractions were the aromatic amino acids (Figure 6.4d). In all but one of the size-
fraction pairs, the aromatic amino acids were greater in coarse fractions, possibly indicating that the 
OM associated with these coarser particles was less degraded. In the PCA conducted by Dauwe et al. 
(1 999a), enhanced mole % phenylalanine was found to be one the chief indicators of relatively fresh 
OM. 
The PCA determined for BENBO bulk sediments was then applied to size-fraction mole % 
compositions to determine whether the first and second principal components generated in this PCA 
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Figure 6.5 Scores for the first (A) and second (B) principal components calculated using sample 
amino acid mole % compositions (lysine- and ornithine-free) and the BENBO PCA analysis (see 
Section 5.6) in size-fractionated BENBO sediments from selected horizons at sites A, B, and C 
collected during CD 111 and CD 113 and in fluff material collected at site C during CD 113. 
could be related more conclusively to influences on OM related to particle size. Scores were 
calculated for the first and second principal components mole % compositions on a lysine- and 
ornithine-free basis using the values of AVG 1 , VAR, and factor coefficient 1 in Table 5.2 using 
Equation 5-1. Scores for the first and second principal components for each size-fraction are 
presented in Figure 6.5. In the majority cases, scores for the first principal component were lower in 
fine fractions compared to their parallel coarse fraction confirming, as suggested by OC: SA ratios and 
non-protein amino acids, that OM associated with fine particles in these sediments is more degraded. 
The second principal component also appears to distinguish between coarse and fine particles but the 
pattern of variation differs between sites. In site C sediments, a more positive score was obtained in 
the > 20 lim size-fraction indicating that the aspartic acid, serine, threonine and alanine quartet (Figure 
5.14), suggested to represent the protected matrix proteins of carbonate-mineralisers, dominated. The 
more negative score of finer fractions was consistent with the accumulation of the non-protein amino 
acids with clay minerals in this more degraded OM pool. At sites A and B, a more complicated 
pattern is revealed. Size-fractions within the glacial clays at the base of site A follow the same pattern 
displayed between size-fractions at site C reflecting the influence of clay minerals on OM composition 
in these samples. The surface samples at sites A and B show no obvious pattern for second 
component scores in coarse versus fine fractions and may reflect temporal variations in deposition of 
fresh material of different size classes to these sites. 
To summarise, in Section 6.2 the degradation state of OM was shown to vary between coarse and fine 
particles within BENBO sediments. Finer particles < 20 pin were found to be more degraded as 
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Figure 6.6 Plot showing scores for each size-fractionated sample when amino acid mole % data 
was used to compute scores for first and second components with the BENBO PCA generated 
from bulk sediment amino acid compositions. 
indicated by their lower OC: SA ratios, lower scores for the first principal component from the 
BENBO PCA and higher contributions of non-protein amino acids than their coarser counterparts. 
The advanced degradation state of the OM associated with particles < 20 pin may reflect preferential 
adsorption of non-protein amino acids by clay minerals and lower contributions of OM protected 
within calcareous tests. However, the protection of OM within interlamellar clay layers has also been 
hypothesised (e.g. Ransom et al., 1998), so it is possible some or all of the OM associated with 
thisfiner fraction results from alternative matrix-protection mechanisms. Alternatively, different 
transport process may have resulted in differential degradation between particles < 20 pm and >20 
.tm, the suggested cut-off point for easily resuspendable material. Numerous resuspension / 
deposition cycles will extend the period of time that finer particles spend at the sediment-water 
interface exposed to 02 and elevated bacterial activity. 
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6.3. The Influence of Resuspension on OM Partitioning 
6.3.1. Introduction 
It was shown in Chapter 4, that the vast majority of OM in BENBO sediments is associated with 
mineral surfaces. Keil et al. (1994a) found that this OM sorption to mineral grains is to a large degree 
reversible and once OM has been disassociated from mineral surfaces, i.e. it has been desorbed, then it 
is assimable by bacteria. However, Keil et al. (1994a) conducted their experiment on relatively young 
(<500 years) organic-rich material (- 1.8 - 2.2 %OC) from the Washington Margin upper Continental 
Slope. It is not known whether the experimental results demonstrating that sorbed OM is stabilised 
through interactions rather than being intrinsically stable, applies to low OC, heavily degraded deep-
sea sediments such as those at BENBO sites, where proportions of identifiable reactive biochemicals 
are much lower. Also Keil et al. (1994a) did not investigate the biochemical composition of non-
desorbable material so no information exists at present regarding the composition of irreversibly 
sorbed material. The partitioning of elements and biochemicals is controlled by the net balance of a 
series of sorbent-sorbate specific equilibria, which will vary between different biochemicals and even 
in the same biochemicals, depending on the different moieties present (Schwarzenbach et al., 1993). 
The extent to which this partitioning is reversible is likely to be of relevance when considering the 
influence of resuspension on OM burial, as the action of exposing sedimentary particles, with their 
associated OM, to a high-liquid environment would bring about changes in the OM associated with 
mineral surfaces. In this section, the reversibility of sorption, the composition of desorbable versus 
irreversibly bound OM, and apparent partition coefficients for organic constituents of BENBO 
sediments have been examined in the context of sediment-porewater partitioning and resuspension, in 
an attempt to gain further insights into the processes that determine OM burial in BENBO sites. 
Investigations were based on exhaustive desorption experiments carried out on sediments collected at 
sites A and B during CD1 13. Experimental details are described fully in Section 3.3 but briefly, a 
homogenous slurry was made of bottom water and sediment from the 0-0.5 cm horizon, centrifuged 
and the supernatant decanted off. The remaining sediment pellet was then repeatedly homogenised 
with UV-treated seawater, mixed for 30 minutes and then centrifuged. The supernatants from each 
UV seawater addition (five in total) were combined and analysed for DOC and desorbed solids were 
analysed for TC, OC, TN, amino acids and hexosamines. 
6.3.2. Elemental and Biochemical Concentrations After Desorption 
The differences in elemental and biochemical concentrations in untreated sediments and in those 
subject to desorption (hereafter referred to as "desorbed"), are presented in Figure 6.7. Negative 
values indicate that an element or biochemical decreased in the desorbed compared to untreated 
sediment, indicating that the analyte was reversibly sorbed. Positive values indicate that enrichment 
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Figure 6.7 Change in concentrations of OM parameters between untreated surface sediments (0-
0.5 cm) at sites A and B and sediments subjected to exhaustive desorption of OM. Note: negative 
scores represent decrease in desorbed compared to untreated sediments. 
occurred in "remnant" material after sediments were subject to desorption, suggesting that the analyte 
was strongly bound to/ or present within the mineral matrix. 
Percent OC, TN and amino acid yields (mass-normalised) decreased in sediments at both sites after 
desorption, indicating that the net partitioning balance for chemicals contributing to these 
measurements included reversibly bound molecules. Site B contained a greater proportion of 
reversibly bound material than site A for all three of these parameters, and followed the same pattern 
of analyte reversibility with a greater proportion of reversible OC compared to TN and then THAA. 
The proportions of reversibly bound OC and TN in these sediments were similar to the desorptive OM 
losses (23 - 50%) seen by Keil et al. (1994a), although they did not present individual data for OC and 
TN. The pattern of losses in BENBO sediments led to a lower (CIN) a ratio in desorbed relative to 
untreated sediments (desorbed (UN). = 6.27 versus untreated (C/N). = 7.59, and desorbed (UN), = 
6.08 versus untreated (C/N). = 8.80, at sites A and B respectively). A lower (C/N) a in desorbed 
relative to untreated OM reflecting greater desorptive losses of OC, was also found by Keil et al. 
(1994a). 
On a mass-normalised basis, only hexosamines increased in concentration between untreated and 
desorbed sediments, which was surprising because if no hexosamines were desorbable then mass-
normalised yields should remain constant. It is therefore, apparent that there was a decrease in the 
mass of the solid phase during desorption experiments that could be attributable either to dissolution 
of CaCO 3 and/ or to loss of fine material perhaps when supernatants were decanted. Losses of CaCO 3 
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occurred at site A (desorbed %CaCO 3 = 78.5 versus untreated %CaCO 3 = 79.4) but not at site B 
(desorbed %CaCO 3 = 85.3 versus untreated %CaCO 3 = 83.4) suggesting that mass losses were due to 
both CaCO3 dissolution and loss of fine material. As these mass losses were not quantifiable, it is not 
possible to say equivocally that hexosamines were not desorbable. However, results suggest that 
significant proportions of hexosamines are probably irreversibly associated with mineral phases in 
these sediments. 
The percentage of OC accounted for by amino acids (%AA-C) and particularly hexosamines (%HA-
C) increased in desorbed compared to untreated sediment indicating that these compounds were 
strongly bound to, or present within, the mineral matrix of these sediments. At site A, amino acids 
also accounted for an increased proportion of TN (%AA-N) in desorbed versus untreated sediment 
indicating that amino acids were more strongly associated with the mineral phase than bulk TN at this 
site. This was not the case, however, at site B where TN in desorbed sediments was not enriched in 
amino acids. The proportions of hexosamine nitrogen (%HA-N), as %HA-C, increased in desorbed 
relative to untreated sediment particularly at site B, providing further support for the stability of 
hexosamine association with the mineral phase. 
In summary OC, TN and THAA could be desorbed from both Site A and Site B BENBO sediments 
indicating that these analytes were to some degree reversibly bound to the mineral phase. Reversibly 
bound material was present in lower proportions at Site A verifying the particular influence that 
irreversible sorptive preservation has on OC, TN and THAA concentrations at this low OM site. 
There was no evidence for reversibly bound hexosamines in these sediments providing further support 
that hexosamines are present in these sediments largely as a component of the organic matrix of 
carbonate-biomineralisers. 
6.3.3. In Situ and Experimental OM Partitioning 
A proportion of OC associated with sediments appears to be reversibly bound leading to reductions in 
solid-phase OC concentration when exposed to a high liquid environment such as in desorption 
experiments. In order to assess the significance of the proportion of desorbable OM it is necessary to 
compare the OC partitioning observed in the experiments with the natural partitioning of OC between 
solid and liquid phases within sediments. This will determine whether the partitioning observed in the 
experiments where the solid: liquid ratio tends to zero was dramatically different to that present in 
sediments where solid: liquid ratios are lower (porosity 0.9 in surface sediments, M. Williams, pers. 
comm.) and hence, whether exposure to a high liquid environment, for example during resuspension 
events, can bring about significant redistribution of OC. 
The natural partitioning of OC within the sediments was determined by comparing the concentration 
of the dissolved organic carbon (DOC) in sediment porewaters with concentrations in the solid phase 
at comparable depths. DOC measurements were made at upper and lower depths in porewaters 
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Table 6.1 Dissolved organic carbon (DOC) porewater concentrations and parallel particulate 
organic carbon (POC) concentrations in BENBO sediments from sites A, B and C, and in 
desorption experiments conducted at sites A and B, and resultant apparent partition coefficients 
(Kd). 
Site Depth (cm) Investigated DOC (C) POC (C, x10') Apparent Kd 
partitioning (tM) (.tMJg) 
C-ill 0-1 Sediment 439.5 548.9 1249 
C-ill 1-2 Sediment 1177.2 440.1 374 
C-ill 2-4 Sediment 537.4 406.8 757 
C-ill 4-6 Sediment 3960.0 401.5 101 
C-ill 6-8 Sediment 361.5 459.5 1271 
C-ill 14-16 Sediment 967.1 439.4 454 
C_ill 26-28 Sediment 1867.0 369.3 198 
C-113 0-1 Sediment 343.8 554.4 1613 
C-113 1-2 Sediment 526.4 474.2 901 
C-113 2-4 Sediment 259.4 417.9 1611 
C-113 4-6 Sediment 202.4 371.4 1835 
C-113 6-8 Sediment 203.4 368.7 1812 
C-1 13 10-12 Sediment 691.0 419.9 608 
A-113 0-2 Sediment 309.3 360.1 1164 
A-113 14-16 Sediment 1040.1 319.0 307 
A-113 0-0.5 Desorption 372.3* 220.3 592 
B-113 0-1 Sediment 262.5 326.0 1242 
B-113 14-16 Sediment 769.9 192.7 250 
B-113 0.0.5 Desorption 659.5* 254.4 386 
*Bla coected for DOC concentration of UV-treated seawater 
collected at sites A and B during CD 113 and at downcore intervals at site C for both CD lii and 
CD 113 cores. The DOC concentrations of porewaters extracted from selected sediment horizons are 
presented in Table 6.1 and are plotted versus sediment depth in Figure 6.8. The downcore profiles at 
site C, showing a general increase in DOC concentration with depth reflecting the in situ 
remineralisation of OM, are consistent with sediment porewater DOC profiles seen in previous studies 
(Heggie et al., 1987; Martin and McCorkle, 1993; Burdige and Gardner, 1998) and are in agreement 
with DOC measurements made by Kennedy et al. (pers. comrn) for BENBO porewaters. Kennedy et 
al. (pers. comm.) also found evidence for the presence of large subsurface peaks in DOC 
concentration similar to the peak observed at site C at 4-6 cm in the core collected during CD 111. 
The partitioning between the solid and liquid phase in sediments was quantified as an "apparent" 
partition coefficient, K.j that is defined as: 
Apparent Kd 
C, (molg 
C 	(molml' ) ) 
Equation 6-1 
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where C is the concentration of an analyte associated with the solid phase and C is the concentration 
of the analyte in the aqueous phase (i.e. dissolved concentration) which was calculated for each 
desorption experiment as follows: 
= POCIefi assoc. with solid 
Apparent K d 	 (ml g') 	 Equation 6-2 
DOCbU!k desorbed 
It is necessary in this instance to refer to the resultant K. as an "apparent" partition coefficient 
because, by strict definition, a partition coefficient represents the distribution of a given chemical 
species between the solid and liquid phase (Schwarzenbach et al., 1993). On the basis of these bulk 
solid and dissolved-phase OC measurements there is no way of knowing whether the OC associated 
with either phase does in fact represent the partitioning of the same OC pool. Additionally, with 
regard to the desorption experiments where five sequential extractions of desorbable OM took place, 
the final site A and site B K., values, represent a consequent K. derived from five individual 
partitioning experiments each with their own Kd reflecting, by definition, the partitioning of a 
substance between the solid and liquid phases (e.g. Schwarzenbach et al., 1993). With these caveats 
in mind, the "apparent" partition coefficients for solid-liquid partitioning in sediments and in 
desorption experiments (Table 6.1) have been compared on a first-order level to look at the potential 
for changes in OC distribution only. 
In all sediments partition coefficients were higher in surface sediments (0-1 cm) than in the deepest in 
the sediment horizons analysed, and in sediments from a similar depth (0-0.5 cm) subjected to 
desorption. It, therefore, appears that subjecting surface sediments to a higher liquid environment 
than they experience in situ, for example, as a result of resuspension, leads to similar increases in the 
relative proportions of dissolved-phase OC that are more typical of sediment OM partitioning particles 
at depth. Resuspension may, therefore, lead to a reduction in particulate OC: SA ratios such as those 
hypothesised to exist in laterally transported clay particles incorporated in fluff material and 
underlying sediments at BENBO site C. The persistence of low OC: SA ratios in sediments such as 
those located at site C, suggest that at least for deep sea sites where OC inputs are relatively low, that 
when sediments are redeposited after resuspension events, they are not exposed to sufficiently high 
concentrations of surface reactive DOC to "restore" solid-phase OC concentrations to their pre-
resuspension level. There does not appear to be adequate dissolved organic molecules in the 
sediments to replace the OC or TN lost through desorption during the process of sediment 
resuspension. 
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Figure 6.8 Dissolved organic carbon (DOC) concentrations measured in selected downcore 
porewater samples collected at BENBO sites C during CD111 and CD113, and in upper (0-1 cm! 
0-2 cm) and lower depths (14-16 cm) collected during CD113 at sites A and B. 
6.3.4. Amino Acid Compositions as indicators for Sorptive Preservation 
Mechanisms and the influence of Resuspension on OM Degradation State 
Of further interest, is the character of the OC that is apparently "lost" from sediments during 
resuspension. In Figure 6.7, it was shown that amino acids account for a proportion of desorbable 
OM. Amino acids represent a major fraction of labile components of marine OM and show distinctive 
compositional changes as OM degradation proceeds (e.g. Lee and Cronin, 1984; Cowie and Hedges, 
1992; Cowie et al., 1992; Cowie and Hedges, 1994; Jennerjahn and Ittekot, 1997; Dauwe and 
Middleburg, 1998; Dauwe et al., 1999a; Keil, 1999). Comparisons of amino acid compositions in 
untreated and desorbed sediments can, therefore, be used to assess the potential contribution of a 
process, such as resuspension where deposited material becomes re-exposed to a high liquid 
environment, to the degradation state of deposited OM. Amino acid charge/ structural class 
distributions in bulk BENBO sediments indicated that acidic and to a lesser degree, non-protein amino 
acids increased with depth, and thus, degradation state, in CaCO 3-rich horizons, whereas basic amino 
acids decreased (Figure 5.12). Additionally, the different charge status of individual amino acids may 
provide insights into possible sorptive preservation mechanisms via amino acid compositions in non-
desorbable sedimentary OM, on the basis that positively-charged basic amino acids selectively adsorb 
to negatively-charged clay minerals (Hedges and Hare, 1987; Wang and Lee, 1993) and negatively-
charged acidic amino acids are preferentially adsorbed by carbonate minerals (Muller and Suess, 
1977; Carter, 1978, Carter and Mitterer, 1978). Moreover, the relative amino acid composition in 
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Figure 6.9 Distributions of amino acids (mole %) among different charge/ structural classes in 
desorbed and untreated sediment at sites A and B conducted on sediments from the 0-0.5 cm 
horizon collected during CD113. The amino acids within each group are as follows: acidic: 
aspartic acid and glutamic acid; neutral: glycine, alanine, valine, leucine, isoleucine; basic: 
histidine, arginine and lysine; aromatic: tyrosine and phenylalanine; sulfuric: methionine; 
hydroxylic: serine, threonine; non-protein: 13-alanine, y-amino butyric acid, and ornithine. 
desorbed versus untreated sediments afford the opportunity to explore whether resuspension might 
influence benthic food quality as compositional changes in the amino acid pool during degradation 
have also been shown to reduce the nutritive quality of OM (Dauwe et al., 1999b). 
The distribution of amino acids in different charge/ structural classes for desorbed and untreated 
surface sediments are shown in Figure 6.9. As minimal changes occur in the distributions of amino 
acids in these charge/ structural classes in the early stages of OM degradation (sediment traps versus 
fluff material versus surficial sediments; Figure 5.3), the lower quantity and apparently more degraded 
state of OM in surface sediments at site A compared to site B (Chapter 5), should not greatly influence 
these results. Also, as CaCO 3 dominates in site A and B surficial sediments, organic-mineral 
interactions specific to mineral type should be largely alike at both sites. Therefore, similarities 
between the amino acid compositions of desorbed and untreated sediments will reflect irreversible 
sorption processes specific to the main mineral type (i.e. CaCO 3), whereas any differences between 
desorbed and untreated sediments at site A and B, should reflect differences in OM within CaCO 3 
source organisms present, differences in the potential for interaction between amino acids and the 
non-amino acid sorbed OM pool, and/ or differences in the non-carbonate mineralogy. It should be 
emphasised that these experiments examine the reversibility of sorption rather than the degree that an 
amino acid is adsorbed. It is not necessarily the case that an amino acid that is largely adsorbed (i.e. 
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has a preference for association with the solid rather than the liquid phase), will also be strongly and 
hence, irreversibly bound (Wang and Lee, 1993). 
Both site A and B desorbed sediments (i.e. remnant sediment material after UV seawater addition was 
complete) were enriched in acidic and sulfuric amino acids compared to their untreated counterparts 
and depleted in neutral amino acids suggesting that acidic and sulfuric amino acids have a strong and 
irreversible affinity to these sediments and neutral amino acids do not. Sorption of acidic amino acids 
to carbonate has been observed previously (Muller and Suess, 1977; Carter, 1978; Carter and Mitterer, 
1978) but sorption of the sulfidic amino acid methionine, has not. Additionally, the acidic amino acid 
aspartic acid is enriched in CaCO 3-mineralising organisms such as foraminifera (e.g. King and Hare, 
1972a,b) and the preservation of biomineral CaCO 3 organic matrix proteins was demonstrated to 
occur in BENBO sediments in Chapter 5. Therefore, it may not be the protection of CaCO 3 matrix 
OM that is reflected in these results. The neutral amino acids appear not to be strongly adsorbed by 
CaCO3 . 
Basic and hydroxylic amino acids behaved differently during desorption experiments at sites A and B. 
The basic amino acids are thought to be strongly adsorbed by clay minerals (Hedges and Hare, 1987) 
but no affinity with CaCO 3 has been reported. The apparent sorptive preservation of basic amino 
acids in surficial sediments at site A may, therefore, reflect differences in CaCO 3 source organism 
matrix protein composition (foraminifera-dominated at site A versus more coccolithophond-rich at 
site B). Alternatively, the differences could reflect differences in preservation determined by the 
mineralogy of the non-carbonate phase in these sediments, or in the basic amino acid binding capacity 
of bulk sorbed OM at these two sites. It should be stressed that these variations in the desorptive 
behaviour of basic amino acids at sites A and B does not necessarily signify differences in the sorptive 
capacity of sediments at these two sites towards basic amino acids, just that they are bound in different 
ways by bonds of different strengths. 
In contrast to basic amino acids, those of hydroxlic character (serine and threonine) became enriched 
after desorption at site B but not at site A. The PCA conducted on BENBO sediments indicated that 
hydroxylic amino acids behave similarly to aspartic acid as a result of their similar status as amino 
acids enriched in the organic matrix proteins of foraminifera (e.g. Robbins and Brew, 1991; 
Stathopolos and Tuross, 1994) or other carbonate-biomineralsiers and therefore they should be 
expected to be similarly enriched in both sets of desorbed sediments compared to their untreated 
counterparts. Why the irreversibility of binding in these two sediments should differ in surface 
sediments at these two sites is presently unclear. In summary, it appears that acidic amino acids and 
methiomne are irreversibly bound to and/ or protected by the organic matrix of sediments where 
CaCO3 -biomineralising organisms dominate sediment inputs. The mechanisms that bring about 
differences in the irreversibility of sorption for basic and hydoxylic amino acids between sites A and 
B are not clear, but they possibly reflect some combination of differences in the matrix-protected 
proteins of coccolithophorids and foraminifera, or differences in the binding capacity of other sorbed 
OM moieties or non-carbonate phase minerals. 
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Figure 6.10 Composition of amino acids (mole %) in desorbed and parallel untreated sediments 
from desorption experiments conducted on 0-0.5 cm horizon collected during CD113 from sites 
A and B. 
The mole % compositions of amino acids in desorbed versus untreated sediments are shown in Figure 
6.10. The patterns of enrichment seen in the distribution of amino acids amongst charge/ structural 
classes (Figure 6.9) are discernible as increased proportions of aspartic acid and methiomne in 
desorbed compared to untreated sediments. The mole % contributions of histidine, BALA, tyrosine, 
GABA, valine, phenylalanine and ornithine were the same in desorbed and parallel untreated 
sediments in both the site A and site B experiments indicating that these amino acids were lost during 
desorption in proportions representative of their contribution to the bulk OM. Additionally, at site A 
mole % contributions of glutamic acid, isoleucine, leucine and lysine were the same in untreated 
versus desorbed sediments suggesting that the majority of amino acids at this site had similar 
propensity for interaction with mineral surfaces. Specific sorbate-sorbent interactions do not, 
therefore, appear to be a dominant control on amino acid-mineral interactions in these sediments. 
Glycine appeared to show the least irreversible surface affinity, constituting a decreasing proportion of 
the amino acid pool in desorbed sediments at both sites. Decreases in the proportions of alanine and 
serine also occurred between untreated and desorbed sediment at site A, whereas at site B, glutamic 
acid was preferentially lost during desorption. At present it is not possible to account for the small 
differences in the surface reactivity of amino acids at sites A and B. However, further investigations 
into the nature of organic matrix proteins in foraminifera and coccolithophorids and examination of 
the non-carbonate mineral phase of these sediments may yield insights into the causes of these 
differences in amino acid behaviour. 
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Figure 6.11 Scores for the first and second principal components calculated using sample amino 
acid mole % compositions (lysine- and ornithine-free) and the BENBO PCA analysis (see 
Section 5.6) in desorbed and untreated BENBO sediments from the 0-0.5 cm horizon at sites A 
and B collected during CD113. 
6.3.5. Influence on degradation state 
In Chapter 5, a degradation index for BENBO sediments was developed by applying PCA to amino 
acid mole % compositions. Scores based on the first principal component derived during this analysis 
was interpreted to represent OM degradation with more negative scores reflecting more degraded OM. 
The second principal component was interpreted to distinguish between two possible degradation end-
points in BENBO samples, one where matrix-protected amino acids present within carbonate 
biomineralisers dominated that was indicated by more positive second component scores, and an 
alternative end-point where non-protein amino acid formation became increasingly more important 
presumably as a result of the bacterial breakdown of protein amino acid pre-cursors. 
In order to assess the potential influence of resuspension and subsequent OM desorption on the 
degradation state of sedimentary OM, scores for the first and second principal components have been 
calculated for desorbed sediment amino acid mole % compositions on a lysine- and ornithine-free 
basis, using the values of AVG,, VAR, and factor coefficient 1 in Table 5.2 using Equation 5-1. The 
scores for the first and second components in desorbed versus untreated sediments are shown in 
Figure 6.11. 
A consistent pattern of an increasing score after desorption is observed for the first principal 
component, indicating that in site A and B surficial sediments, desorption apparently results in "less 
degraded" OM remaining in the desorbed sediments using this method of assessment (Figure 6.1 1A). 
The higher first component score in desorbed versus untreated sediments was mainly due to increases 
in the mole % contribution of methionine that was a significant positive contributor to the first 
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principal component scores, and to decreases in negative contributor glycine. Therefore, it appears 
that although desorption of sedimentary OM associated with mineral surfaces, such as might be 
expected to occur during resuspension events, brings about decreases in sediment OM content, the 
initial action of resuspension does not appear to be a cause of OM degradation, as indicated by 
changes in amino acid compositional data. It should be remembered, however, that resuspension is 
likely to influence to absolute extent of OM alteration by prolonging the amount of time that OM 
spends at the sediment-water interface where it is exposed to higher 02 concentrations and greater 
faunal and bacterial activity. 
The scores derived for the desorbed sediments based on the second principal component of the 
BENBO PCA, indicate that OM desorption during resuspension may have a significant effect on the 
composition of amino acids preserved at depth (Figure 6.1 1 B). The second component behaved 
differently between the two sites. At site A, a more negative score was obtained for deorbed than 
untreated sediment as a result of decreases in serine and alanine and increases in arginine. At site B 
the desorbed sediment had a more positive score than untreated sediment through increases in aspartic 
acid, threonine and alanine, and decreases in arginine. 
6.4. Bioturbation as a Mechanism for Labile OM Transfer 
One of the hypotheses to be tested in this research was that bioturbation, as a result of the activity of 
benthic macro- and/ or megafauna, could bring about the transfer of labile OM to depth in the 
sediments. Evidence for the presence of a sub-surface peak in %OC and %TN was found at 10-11 cm 
at site C in the core collected during CD1 11 (Figure 4.6 and 4.7). Amino acid yields (Figure 5.6 and 
5.7) and a number of parameters diagnostic of OM degradation (e.g. %AA-C, %AA-N, %(TCHO + 
THAA)-OC and %(BALA + GABA); Figure 5.8) indicated that this OC- and TN-enriched OM was 
labile in character. In this section, the possibility that this OM peak resulted from bioturbation is 
examined. 
Indications, based on estimates of the MLD and biodiffusion coefficient Db were that bioturbation was 
probably most extensive at site B and least extensive at site A (see Table 4.3). In this section, the 
degree of bioturbation is examined in more detail. This includes an appraisal of the primary agents of 
bioturbation at each site, their mode of feeding, and the features that result from their activity. These 
evaluations are then considered in the context of the potential effect that resultant sediment features 
might have on the quality of OM buried. Finally, these assessments are compared with bulk and bio-
chemical analyses of a series of samples of encountered burrow "contents" and their adjacent 
sediments, to determine whether transfers of labile OM to depth in sediments are discernible. 
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6.4.1. Bioturbation in BENBO sediments 
In the deep sea, deposit feeders (organisms that rely on consuming deposited sedimentary material for 
their nutrition) dominate because the low and intermittent OC fluxes to deep water coupled with 
generally low currents preclude suspension feeding as a viable feeding mode (Etter and Grassle, 
1992). In their study of the larger benthic biota at BENBO sites, Dr. David Hughes and his co-
workers (Dunstaffliage Marine Laboratory) evaluated the numbers and biomass of organisms that 
would constitute the agents of bioturbation at these sites. The relative distributions of organisms at 
each site were assessed using two methods: sieving of box core sections for the smaller organisms in 
the macrofauna size class (> 250 im in this case), and benthic photographs for larger organisms, the 
megafauna that are large enough to be seen with the naked eye (>> 1mm in size) that leave traces and/ 
or mounds and holes visible in seabed photos. 
Macrofaunal numbers and biomass in the top 10cm of box cores collected at BENBO sites during 
CD  11 and CD! 13 are shown in Table 6.2. The data from box cores collected during the two cruises 
were averaged as there was no evidence of statistically-significant differences between the two 
sampling periods. The abundance and biomass of macrofauna were by far the greatest at site B 
followed by site C and then site A. This distribution B > C> A followed the inter-site pattern of 
variation in MLD, and suggests that the potential for biological sediment disturbance by macrofaunal 
organisms was greatest at site B and lowest at site A. 
The benthic organism size-class macrofauna includes polychaetes, oligochaetes and other worms, 
along with small crustaceans such as amphipods in BENBO sediments, and polychaetes were the 
dominant taxa (D. Hughes, pers. comm.). Polychaetes are largely head-down deposit feeders who 
feed at depth and defecate on the surface, bringing about sediment mixing in a manner analogous to a 
diffusion process (Tenore, 198 1). This feeding mechanism is analogous to diffusion because it results 
in the transfer of deeply buried material to the sediment surface while surface sediment, which is 
continuously being "diluted" by the material transferred from depth, is slowly mixed downwards. In 
general, the activity of these organisms will tend to homogenise sediments, reducing any gradients of 
chemical profiles (Boudreau, 1986a). Although some species of polychaetes are known to actively 
transport detrital material into their burrows (Levin et al., 1997), it is suggested that these organisms 
will bring about a general transfer of more OM-rich material to depth that may benefit subsurface 
deposit feeders (Dauwe et al, 1999b); they are unlikely to bring about the large peaks in labile OM 
observed at 10-11 cm at site C in the core collected during CD 111. 
The population of megafauna is more difficult to assess because these animals exist at relatively low 
densities and so are rarely caught in boxcores. Although one individual was encountered in a 
recovered box core at site B, and a number of box cores contained large burrow structures consistent 
with the presence of such organisms, the distribution of these organisms could only be assessed semi-
quantitatively by counting the biogenic features (e.g. mounds, holes, traces) visible on benthic 
photographs covering a known area of the seafloor. The results obtained by Dr. Hughes and his co- 
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Table 6.2 The numbers of macrofauna (organisms > 250 gm) in sediments sampled with a box 
core at BENBO sites A, B and C. The data are average values for each site plus or minus 1 
standard deviation. The results from cruises CD111 and CD! 13 were pooled because there was 
no statistically-significant difference in the number or biomass of organisms between the two 
sampling periods. Data courtesy of Dr. David Hughes (Dunstaffnage Marine Laboratory). 
Site  Site B Site C 
(n =4 boxcores) (n = 5 boxcores) (n =4 boxcores) 
Total number m 2 
2226±603 28563±6424 9812±2786 
Total wet weight 
biomass g m 2 0.509±0.164 
12.991 ±8.566 2.361 ±0.997 
workers for the analysis of benthic photos at the three BENBO site are shown in Table 6.3, although it 
should be noted, as pointed out by Dr. Hughes himself, that there is some degree of subjectivity 
associated with this method of quantification. Based on the number of biogenic features visible in the 
photographs taken of the seafloor at the BENBO sites, the cumulative trend in features that could be 
associated with the activity of megafaunal animals appears to follow that seen in macrofaunal 
organisms i.e. B > C > A, although the nature of the available data makes it difficult to say this 
conclusively. As expected the numbers of these organisms appear to be far lower than the numbers of 
macrofauna (Table 6.3), but because of their large body size they are thought to be potentially very 
important agents of bioturbation (Wheatcroft et al., 1990). The features noted in the photographs 
indicate that the megafauna at BENBO sites includes echiuran and siphuculid worms, brittlestars, 
echinoids, large crustaceans and holothurians. According to Dr. Hughes, echiuran worms were among 
the most dominant taxa at all three sites, although there was a notable decrease in the abundance of 
feeding traces associated with theses organisms at site B, which was thought to result from the 
difficulty in distinguishing them among the sponge spicule debris that was a common feature of the 
sediment surface at this site. Echiuran worms are surface feeders that occupy U-shaped tunnels. They 
feed by extending a proboscis out of one opening of the burrow, non-selectively drawing in surface 
sediments (Hughes et al., 1993, 1996). This feeding mode is known as "reverse conveyor belt 
feeding" (Smith et al., 1986; Jumars et al., 1990; Wheatcrofl et al., 1994). It brings about the transport 
of surface particles to depth in the sediment as organisms draw material into the burrow and defecate 
at depth. Although OM is removed from sediments as they pass through a deposit feeders gut, the 
residual OM in faecal material has often found to be enriched relative to bulk sediments (Hylleburg 
and Galucci, 1975; Jumars et al., 1981; Brown, 1986). These organisms may therefore, provide a 
mechanism by which labile OM can be transferred to depth in BENBO sediments. Whether such 
feeding activity can lead to the burial and preservation of labile OM, however, has apparently never 
been addressed. 
Unlike other mixing modes there is no opposite transport of material from depth upwards. Echiuran 
worms use the other end of their burrow to eject a sediment slurry apparently not of faecal material 
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Table 6.3 Table showing the numbers of biogenic features observed in deep sea photographs 
that were attributable to the activity of macrofaunal benthic organisms (courtesy of Dr. David 
Hughes). 
_F 
Site A Site B T Site C 
Density m 2 of large burrow 0.8 6.2 0.8 
openings on boxcore surfaces (n = 5 cores) (n = 9 cores) (n = 5 cores) 
Large burrows found in excavated None found Common Common 
boxcores (in 4 out of 9 (in 3 out of 5 
cores) cores) 
% seabed photos showing mounds 58.9 71.6 21.1 
% photos showing burrow 61.1 95.6 99.4 
openings (any size) 
% photos showing large crustacean None seen 74.2 31.3 
burrows 
Density of echiuran worm feeding 280 30 250 
traces on photos 
Number 1000 m 2 
but of "rejected" sediments, which leads to the formation of mound features seen in the benthic 
photographs. When Hedges and Kiel (1995) suggested that the exposure time of sediment OM to 02 
led to the observed decreases in sediment OC: SA ratios in deep sea sites, they argued thatbioturbation 
would not lead to significant errors in OET estimates because for every particle transferred rapidly to 
depth by bioturbation having an unusually low OET, there would be an "opposite number" being 
mixed back upwards of unusually high OET. This would be the case in sediments where biodiffusive 
mixing and conveyor belt feeding mechanisms dominate but may not be true for sediments were 
reverse conveyor-belt feeding is important, as is seemingly the case in BENBO sediments. 
Evidence for the effect of bioturbation on the physical appearance of BENBO sediments has been 
obtained from X-radiographs taken of a vertical slice of sediment collected with a box core (see 
Chapter 3 for method details). On the basis of density differences resulting from the presence or 
absence of material, different sediment densities and/ or different mineralogies, X-radiographs have 
the potential to reveal the extent of open and in-filled (relict) burrow features within the sediment. 
This has enabled the relative size, number and extent of burrow features to be compared qualitatively 
at BENBO sites during the two cruises revealing inter-site differences in bioturbation and potentially 
any seasonal response by larger organisms to the deposition of fresh OM. Based on 1-2 X-
radiographs taken of slices collected at each site during CD 111 and CD 113, there were no obvious 
seasonal variations within a site. However, there were clear differences in the extent of burrowing 
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Figure 6.13 Photograph showing box-core slab collected for X-radiographic analysis at site A during CD! 11 and the X-radiograph taken of this slab. The 
main identifiable burrow features have been highlighted on the X-radiograph and indicated, where visible, on the photograph using colour coding. 
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Figure 6.14 Photograph showing box-core slab collected for X-radiographic analysis at site B during CD11I and the X-radiograph taken of this slab. 
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Figure 6.15 Photograph showing box-core slab collected for X-radiographic analysis at site B during CDII1 and the X-radiograph taken of this slab. 
The main identifiable burrow features have been highlighted on the X-radiograph and indicated, where visible, on the photograph using colour 	a 
coding. 
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activity of organisms between each site. Representative X-radiographs for BENBO sites A, B and C, 
along with their accompanying photograph, are shown in Figures 6.13- 6.15 and a number of features 
have been highlighted. 
Site A X-radiographs were generally the most featureless, which is consistent with this site having the 
lowest macrofaunal abundances and megafaunal activity (Figure 6.13). X-radiographs of the upper 
pale beige part of this sediment (Holocene CaCO 3 ooze) showed evidence of relatively small in-filled 
burrows probably of polychaete origin but very few open burrows. Below the boundary of Holocene 
carbonate and glacial clays, which was rather mottled and indistinct probably as a result of 
bioturbative mixing, more relict burrows were evident. Open burrows were again quite rare with the 
exception of an open burrow seen in the X-radiograph of Figure 6.13 which contained small faecal 
pellets - 1mm in length. 
The X-radiographs of site B were also relatively featureless (Figure 6.14), which was surprising as 
this site had by far the greatest macrofaunal abundance, and was contrary to the observed high number 
of burrows of both small (a few mm i.d) and large size (up to a few cm i.d) in excavated box cores at 
this site (Dr. D. Hughes, pers comm.). A number of small open burrows, probably belonging to 
polychaeate worms, were visible in the upper - 5 cm of sediment at site B but no "side-on" burrows 
(i.e. parallel to plane of the X-radiograph) either opened or in-filled, were visible in the upper 
sediment. Two in-filled burrows, one probably belonging to a siphunculid worm and the other to a 
polychaete, were visible at - 9cm depth, along with an open burrow slightly larger than those 
observed in surface sediments. Below these features, conclusive evidence of burrow structures was 
absent, which was unexpected in view of the deep MLD = 17 cm at this site. This absence of obvious 
burrow features was suspected to result from some intrinsic property of the sediment at this site that 
made in-filled burrows, at least, very difficult to discern by X-radiography. 
X-radiographs of site C sediments showed by far the most burrow features (Figure 6.15). Open 
burrows of various sizes (few mm to few cm i.d.) were visible, as were small and large in-filled 
burrows, throughout the length of the X-radiograph samples (.- 35 cm), at depths much greater than 
those visible at the other two sites. There is clearly something inherent in the character of these 
sediments that makes burrow structures much more easily distinguishable in site C sediments, because 
based on the X-radiographs alone, this site would be classified as the most heavily bioturbated, in 
contrast with conclusions based on organism numbers and biomass (i.e. B > C > A). 
Therefore, based on physical and biological evidence, there appear to be organisms present in BENBO 
sediments that could transport labile OM to depth in sediments. In the following section, direct 
evidence for the occurrence of this phenomenon are searched for by comparing the chemical 
composition of material collected within burrows with that of adjacent sediments. 
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Table 6.4 Details of the burrow sample pairs and their attributed identity code. 
Cruise Site Box core No. Sample code Sample Description 
depth 
CD1 11 C 54409/1 C- 111 #1-F Faecal pellets 16 cm 
CD! 11 C 54409/1 C- 111 #1-A Adjacent sediment 16 cm 
CD1 13 B 5470 1/8 B- 113 #8-F Faecal pellets 14 cm 
CD113 B 54701/8 B- 113 #8-A Adjacent sediment 14 cm 
CD113 B 54702/7 B- 113 #7-G 
CD113 B 54702/7 B-113 #7-A 
CD113 C 54705/9 C- 113 #9-F 
CD113 C 54705/9 C-113 #9-A 
Green slime burrow contents 	14 cm 
Adjacent sediment 	 14 cm 
Faecal pellets 	 14 cm 
Adjacent sediment 	 14 cm 
6.4.2. Burrow Samples 
Four pairs of burrow samples (burrow contents and adjacent sediment) were collected at site B during 
CD! 13 and at site C during CD 111 and CD 113 (Table 6.4). No such burrows were encountered at 
site A and benthic photographs showed no evidence of burrows on the surface of sediments, 
indicating that such burrows were relatively rare at this site (Figure 6.16A). The burrow contents 
collected consisted of three samples of faecal pellet material (Figure 6.161), and one sample of a green 
slime (Figure 6.16D), and they all originated in the horizontal section of a relatively large, U-shaped 
burrow 2 cm in diameter (Figure 6.16C, G, H) that rose vertically to a surface opening 2-3 cm in 
diameter (Figure 6.16B). In one burrow, a siphunculid worm was found in situ (Figure 6.16 E and F) 
and either siphunculid, or another type of reverse conveyor-belt feeder, echiuran worms, were thought 
to be the creators of the burrows. 
The results of the biochemical analyses conducted on burrow sample pairs are given in Table 6.5. The 
OC content of all burrow content samples were greater than in adjacent sediments, confirming that 
despite passage through the gut of an organism, faecal material can be enriched in OM, and that the 
burrowing activity of megafauna can lead to peaks in %OC profiles at depth in the sediment. The 
biggest relative enrichment between burrows and adjacent sediments was found in faecal pellets 
collected at site C during CD!! 1, and the lowest enrichment was in the faecal pellets collected at site 
B. 
The TN content of burrow contents also indicated a general enrichment compared to adjacent 
sediments, although the degree of enrichment was smaller for TN in faecal pellets than for OC. This 
may reflect that organic N is thought to be the limiting nutrient in deposit feeder diets (Tenore, 1981; 
Tenore, 1988). In contrast to the faecal pellet samples, the green slime sample collected in a burrow 
at site B (B-1l3 #7-G) was very enriched in N and this was reflected in the low (OC/TN) a of this 
sample, suggesting it was rich in fresh proteins. The (OC/TN) a of faecal pellets were generally higher 
than in adjacent sediments and were consistent with the assimilation of a higher proportion of the 
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Figure 6.16 Photographs of burrows in BENBO sediments courtesy of Dr. David Hughes. A) 
Surface of box core collected at site A showing absence of surface features but containing a 
brittle star, B) burrow opening in box core collected at site B - insert shows detail of faecal 
material around the burrow opening, C) box core excavation showing horizontal burrow the 
surface opening of which was seen in B), D) green slime contents in burrow shown in B) & C) 
that was collected for biochemical analysis, E) excavated burrow at site B with siphunculid 
worm found in situ, F) siphunculid worm, G) side of box core collected at site C showing two 
visible burrow openings, H) excavation of the lower burrow shown in H) with the upper 
burrow still visible, I) faecal material present in box core shown in G) & H) - this material 
was collected for biochemical analysis 
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Table 6.5 Table showing the results if biochemical analyses conducted on the burrow sample 















f C- 113 
#9-A 
%OC 1.52 0.73 0.48 0.40 0.94 0.43 0.72 0.45 
%TN 0.12 0.12 0.08 0.07 0.23 0.05 0.10 0.09 
(C/N). 14.98 7.17 6.68 6.84 4.76 10.01 8.11 5.94 
%CaCO3 54.24 61.42 57.50 59.99 69.96 82.64 61.54 59.20 
-23.093 -22.186 -19.390 1 	-19.430 -18.983 -19.753 -19.035 -19.560 
2.64 4.78 3.82 4.56 2.42 4.05 4.95 3.82 
THAA(j.tg/g) 1952.8 2169.9 1275.3 1194.4 5605.4 996.5 1707.4 1567.9 
THHA(ig/g) 320.7 357.7 374.2 193.0 561.9 210.1 335.2 308.4 
THNS (j.iglg) ND ND 176.3 225.1 1401.3 356.0 520.8 353.7 
%AA-OC 5.0 9.3 10.8 11.1 24.1 7.2 8.6 13.5 
%HA- OC 0.1 0.3 0.4 0.2 0.3 0.2 0.2 0.4 
%AA-N 23.7 18.2 23.2 24.7 33.5 22.2 21.9 26.0 
%HA-N 1.7 1.7 2.9 1.7 1.5 2.1 1.8 2.2 
%TCH 2 O-OC ND ND 3.3 4.3 10.6 5.2 5.0 5.8 
AA:HA (molar) 11.57 11.50 11.84 11.85 18.07 8.92 9.60 9.73 
% (Bala +Gaba) 4.33 4.05 3.45 6.74 1.94 3.46 4.43 5.82 
*Lack of sample prohibited salt-correction on these samples; data presented is uncorrected. 
ND. No data because of limited sample size 
organic fraction of the TN pool as a result of the organisms being more N-limited. 
In a previous study, Jahnke et al. (1986) found evidence that some organisms preferentially select 
non-carbonate particles during feeding. However, in this study, there was no consistent difference in 
the %CaCO 3 in burrow contents compared with adjacent sediments so it was not possible to determine 
with any certainty whether the organism responsible for these burrow deposits fed by selecting 
particles on this basis. The 813C  values of burrow sample pairs showed a mixed pattern of variation 
and there was generally a greater degree of variation between sample pairs than between burrows 
andadjacent sediments. This is perhaps not surprising as the parameter 5 13C is not thought to be 
influenced to a great degree by trophic transfers (Montoya, 1994). 
The ratio of N: "N indicated by the parameter E 15N is a much better indicator of OM consumption 
processes. The E 15N of BNEBO sediment traps, surface sediments, burrow samples and selected size-
fractions are shown in Figure 6.17. Marine phytoplankton display 8 15N values in the range 5 - 8 %o 
reflecting the öN value of the main dissolved inorganic N pool utilised during photosynthesis (6' 5N 
of NO3 and NO2 in the range 3 - 7 %o) coupled with a slight fractionation caused by a kinetic bias 
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towards the uptake of the lighter 14N isotope (Montoya, 1994). A number of factors can influence the 
5' 5N of marine phytoplankton that can lead to changes in the 8 15N of OM incorporated in sediments 
where OM sources are overwhelmingly marine as in BENBO sediments. The "preference" of 
phytoplankton for 14N uptake which varies between different taxa and growth conditions, leads 
phytoplankton to have slightly lower 5 5N than the bulk DIN pool at the start of the growing season 
when DIN is not limiting. However, phytoplankton growing later on in the growing season when the 
available ' 4N is used up will be more reliant on 15N causing the 8N of the phytoplankton to increase. 
These seasonal variations in 5151.4  of phytoplankton are reflected in the 5N of material exported from 
the euphotic zone (Montoya, 1992). The bacterial decomposition of phytoplankton causes remnant 
OM to become enriched in 15N (Wada, 1980; Bickert, 1993), and further fractionation of N-isotopes 
occur as OM is transferred through the food chain with an average increase in 5 1 N of 3 - 4 %o 
between trophic levels as a result of the preferential excretion of 14N in waste products. As a result 
excreted NH 3 is isotopically depleted and has a lower ON compared to that DIN in the form of NO 3 
and NO2 . In oligotrophic regions where concentrations of DIN may be limited, the use by 
phytoplankton of NH 4 as an N source leads to phytoplankton with lower 5 15N values than are typical 
when other forms of DIN are utilised. In contrast, faecal pellets have been shown to be enriched in 
5' 5N relative to the bulk organism (DeNiro and Epstein, 1981; Montoya et al., 1994). Other processes 
known to influence OM & 5N values are water column denitrification that occurs in the absence of 02, 
and N2-fixation, which is most prevalent in highly N-limited central oceanic gyres, and should not be 
in operation at BENBO sites. 
In BENBO samples, the lowest 5' 5N values were measured in fluff material collected at site C during 
CD 113 (Figure 6.17), in the green-slime burrow contents from site B and the faecal pellets collected at 
site C during CD  11 and at site B during CD1 13. This suggests that the OM in these samples had 
been subject to very little bacterial degradation or numerous cycles of ingestion and defection by 
larger organisms. In the majority of burrow sample pairs, the 5 15N value of the burrow contents was 
lower than the 5' 5N value of adjacent sediment, indicating this material to be less degraded and that it 
does represent the transfer of labile OM to depth in sediments. Other samples that displayed relatively 
low 5 15N values were the sediment trap samples (Figure 6.17). The 5 15N value of the shallow site A 
trap sample was lower than that measured in the deep trap and was consistent with the ongoing 
remineralisation of OM as it sank throguh the water column at this site. There was little difference 
between the values measured in the two traps at site B perhaps reflecting the shorter water column 
distance separating the traps at this site (Figure 6.17). The higher 5 15N values in site B compared to 
site A traps, probably reflects differences in the 8 15N values of the source organisms to these traps 
rather than a more advanced state of degradation. The lower values at site A may reflect the onset of 
the spring bloom at this site that had not yet begun at site B, which would initially lead to the export 
of OM relatively enriched in 14N. Alternatively, it could reflect taxa-specific fractionation of N-
isotopes, or differences in the nutrient status of the two sites. The 8 1 N values of surface sediments 
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Figure 6.17 Stable nitrogen isotopic ratios (8' 5N) values relative to air, for BENBO sediment 
trap samples, selected bulk sediments and sediment size fractions, and for the burrow sample 
set. 
are greater than in trap samples again reflecting OM remineralisation but there does not appear to be a 
consistent pattern of variation in 8 5N values either seasonally, between sites or between size 
fractions(Figure 6.17). Rather surprisingly 5 15N values were highest in surface sediment samples 
decreasing at depth in the sediments. Bickert (1993) suggested that there was no evidence for the 
alteration of N isotope ratios in sediments, and that any differences were attributable purely to source 
variations. It is not possible to confirm or refute this based on the data available in this study. 
However, it is apparent that any source variations must be operating on a basin-wide scale in this 
region if they are responsible for the elevated 8 15N values found in surface sediments at these three 
sites. Although the elevated OC contents of burrow content samples indicated that bioturbation could 
lead to peaks in OC profiles at depth, they offer no information about the quality of OM buried and 
bulk OC measurements are not a good indicator of the lability of OM. For this reason, biochemical 
analyses have been conducted on burrow sample pairs. The only burrow content sample to show 
significantly greater amino acid yields than in adjacent sediments was the green slime burrow sample 
(Table 6. 5). In all of the other samples concentrations in burrow samples were similar or even lower 
than those measured in adjacent sediments. The relative depletion in amino acids in burrow content 
samples of faecal pellets relative to adjacent sediments was confirmed by the %AA-C contents of 
these samples compared to adjacent sediments (Table 6.4; Figure 6.18A), with only the green slime 
material showing enrichment in %AA-C relative to adjacent sediments. However, a different pattern 
was seen in the pattern of %AA-N. The faecal pellets collected at site C during CD 111 showed 
enrichment of %AA-N (Table 6.4; Figure 6.1 8B), although the enrichment relative to adjacent 
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Figure 6.18 Distributions of amino acids (mole %) among different charge/ structural classes in 
burrow contents (#-G or #-F) and adjacent sediments (#-A) collected at sites B and C. The 
amino acids within each group are as follows: acidic: aspartic acid and glutamic acid; neutral: 
glycine, alanine, valine, leucine, isoleucine; basic: histidine, arginine and lysine; aromatic: 
tyrosine and phenylalanine; sulfuric: methionine; hydroxylic: serine, threonine; non-protein: 
alanine, y-amino butyric acid, and ornithine. (see Table 6.2 for sample identities). 
sediments was not as great as that seen in the green slime at site B. The high proportion of N present 
as amino acids confirms  this green slime material to be rich in proteins. 
In contrast to amino acids, hexosamines were generally present in greater amounts in burrow content 
samples than in adjacent sediments although they generally accounted for a lower proportion of OC 
and TN in burrow content samples than in adjacent sediments (Table 6.5). In samples where 
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carbohydrates were measured, a mixed pattern of enrichment and depletion was seen in burrow 
contents compared to adjacent sediments, although the green slime material was much enriched in 
carbohydrates compared to the adjacent sediment. Only in this sample pair did carbohydrates 
contribute a greater proportion of OC in the burrow content material than adjacent sediment. 
Based on the yields of amino acids, hexosamines and carbohydrates and their contributions to sample 
OC and/ or TN it is clear that the green slime represents OM-rich labile material transferred to depth 
in the sediments but is not possible to draw firm conclusions on the lability of burrow contents in the 
form of faecal pellets. It is clear that the OC present in these pellets is largely present as biochemicals 
not quantified in this study but that amino acids appear to constitute an important fraction of the TN 
pool. In an attempt to investigate the relative lability of this faecal material relative to adjacent 
sediments, two biochemical indices of OM degradation state were evaluated. While the molar ratio of 
amino acids to hexosamines was remarkably constant in faecal pellets relative to adjacent sediments, 
the mole % contribution of the non-protein amino acids BALA and GABA appear to suggest that the 
faecal material, is in fact less degraded than the adjacent sediment although clearly not as "fresh" as 
the green slime burrow contents. 
6.4.3. Comparison of the burrow sample data set with the subsurface OM 
peak at site C 
Now that it is apparent that bioturbation can apparently bring about the transfer of labile OM with 
depth the data from the burrow sample set is compared with biochemical data measured in the OM-
rich 10-11 cm horizon at site C collected during CD 111, and with surface 0-0.5 cm horizons collected 
at each site during CD ill and CD 113, in an attempt to determine what might have led to the presence 
of this horizon. The %AA-C and %AA-N of the site C subsurface peak horizon was greater than the 
%AA-C and %AA-N measured in any of the surface sediment or faecal pellet samples (Figure 6.18 A 
and B), indicating that although some of these samples had similar OC and TN contents to the 
subsurface peak horizon they could not account for the elevated proportions of amino acids present. It 
therefore appears that OM of similar quality to that found in fluff material or in green slime must be 
buried in this horizon. It should be remembered however, that the fluff material was not rich in either 
OC or identifiable biochemicals on a weight percent basis, and therefore, if this sampled fluff material 
is typical of that delivered to site C, the direct transfer of this material downwards could not account 
for the elevated OC and amino acid yields measured at 10-11 cm in the CD 111 core from site C. The 
transfer of OM similar in nature to the green slime encountered in a burrow at site B, therefore seems 
the only possible cause of such enrichment. The scores of the burrow sample set, surface 0-0.5 cm 
sediment horizons and the subsurface peak at 10-11 cm depth calculated using the BENBO PCA 
developed in Chapter 5, again appear to point to the similarities between the degradation state (first 
principal component; Figure 6.19) in green slime burrow contents, surface sediments and OM 
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associated with the subsurface peak at site C. Generally, the first principal component scores show 
that faecal pellets collected within burrows are of a similar degradation state to adjacent sediments and 
are more degraded than surface sediments above. This clearly demonstrates the importance of amino 
acids to the nutrition of these reverse conveyor-belt feeders. 
Scores for the second principal component showed less of a clear pattern between sample types 
although they did appear to reflect significant differences in the composition of amino acids in faecal 
pellet burrow contents and adjacent sediments, which are attributable to the lower concentrations of 
the two non-protein amino acids. 
6.4.4. 	Summary 
At all three BENBO sites burrowing organisms are present that have the potential to bring about the 
transfer of labile biochemicals to depth. A number of burrow structures resulting from the activity of 
these organisms, namely siphunculid and echiuran worms, were encountered at BENBO sites B and 
C. Analysis of the bulk chemical, isotopic, and biochemical composition of the material within these 
burrows, in the form of faecal pellets and green slime, indicated the green slime material to be rich in 
OC, TN and labile biochemicals relative to faecal pellets and to adjacent sediment. Although OC- and 
to a lesser extent, TN-rich compared to adjacent sediments, the OM in faecal pellets was not rich in 
amino acids or carbohydrates relative to adjacent sediments. The %(BALA + GABA) in faecal pellets 
compared to adjacent sediment, indicated the OM within the faecal pellets to be less degraded than in 
adjacent sediments although scores for the first component of the BENBO PCA did not confirm this. 
Comparison of the results of burrow analyses with bulk chemical and biochemical yields measured in 
the 10-11 cm horizon at site C in a core collected during CD 111, suggests that OM associated with 
this peak probably had its origins in the downward mixing of material similar to the green slime 
sampled at site B, rather than in the downward transport of surface sediment or fluff material of 
similar character to that collected at site C during CD 113. The bioturbative activity of large 
organisms can therefore lead to the transfer of labile OM to depth in sediments, which may then 
escape mineralisation leading to the atypical burial of labile OM. 
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The analyses conducted in this study on a unique sample set (bulk sediments, sediment size-fractions, 
sediment trap samples, fluff material and burrow contents) have been able to demonstrate that 
organic-mineral interactions play a critical role in the burial of OM in the northeast Atlantic, and that 
the benthic boundary layer (BBL) influences fundamentally both the quantity and composition of 
buried OM. Organic C: SA ratios of sinking material collected in sediment traps (the first such 
analyses to the authors knowledge) showed that sinking material incoming to this region had OC: SA 
ratios in excess of the range typically seen in continental margin sediments (i.e. 0.5- 1.1 mg OC m 2 ; 
Mayer, 1994 a,b). The exception to this was when fine-grained resuspended/ advected material was 
incorporated in the sample, apparently as the result of scavenging by sinking particles. Differences in 
the incorporation of such material, along with seasonal variations in the supply of organic-rich 
particles associated with spring bloom events, led to temporal variations in the OC: SA ratios of 
material in the water column. Organic C: SA ratios also tended to decrease with depth suggesting that 
the proposed relationship between OC: SA ratios and OM degradation state (e.g. Keil et al., 1997; 
Hedges et at., 1999) could be extended to material collected within the water column; a relationship 
that was later confirmed by the study of the biochemical indicators of OM degradation state, amino 
acids, hexosamines and carbohydrates. The first determinations of OC: SA values for phytodetrital 
material, which had been encountered on the seafloor at site C, were also made. This "fluff' material, 
that was not OC-rich on a weight basis, also had a low OC: SA ratio resulting, as with selected 
sediment trap samples, from the incorporation of highly degraded clay of high SA and low organic 
content. The importance of the deposition of such material to the benthic community was confirmed, 
however, when the fluff was analysed biochemically, for it was found to be highly enriched in labile 
materials. 
The sediments themselves contained OM overwhelmingly marine in origin and were of low OC and 
TN content. The OC: SA ratios of the sediments also suggested that the BENBO study sites were 
more typical of the deep sea, yielding values below those seen in continental margin sediments (i.e. < 
0.5 mg OC m 2; Mayer 1994a,b; Keil et al., 1994a,b). The transition from loadings typical of 
continental margins to those more typical of the deep sea therefore occurred at a relatively shallow 
depth in the study area (< 11 OOm) compared with other study sites such as the Washington Margin (-
2500m; Hedes et al., 1999). The one exception where sediment OC: SA ratios were > 0.5 mg OC m 2 
was the surficial sediment collected at site B during the July cruise (CD 113) that produced OC: SA 
ratios within the continental margin range. This seasonal variation in the OC: SA ratio of site B 
surficial sediments serves to emphasise the importance of processes occurring in the BBL and across 
the sediment-water interface, to the incorporation of OM in marine sediments. Both in surface 
horizons and at depth, sediments at the two shallower sites (B and C) had the highest OC and TN 
contents, but site C sediments had a lower OC: SA, which was similar to theOC: SA ratio of 
sediments at site A. The low OC: SA ratios at site C apparently resulted from the incorporation of 
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highly degraded clay material contradicting the implicit assumption made upon discovery of the 
intimate association of OM in marine sediments with mineral grains, that fine sediments would 
necessarily be OM-rich because of the greater surface area available for adsorption. 
When site conditions that have been suggested to influence OM burial were considered and a 
comparison with a data set from the Washington Margin was made, it was found that, although 
sediment accumulation rate varied proportionally with the amount OC buried at depth at the three 
BENBO sites, only the amount of time that the OM was exposed to 02 could explain surface area-
normalised OC concentrations preserved at depth in these two regions. Within the BENBO data set 
itself, however, in situ OET could not account for the differences in the OC: SA ratios of sediments at 
depth, as a result of the incorporation of the highly degraded clay material to site C which served to 
"dilute" the higher OC: SA values of the coarser portion of the sediment that probably followed a 
more direct path to the seafloor. The in situ sediment OET did, however, reflect downcore changes in 
OC: SA at the three BENBO sites. As it was possible to relate the OC: SA ratios with estimates of 
OET in sediment trap material collected at different depth below the euphotic zone, this study has 
demonstrated firstly, the influence of OET on the OC: SA ratio of sedimenting material in the marine 
environment, and secondly the need to incorporate estimates of OET prior to deposition (i.e. to 
consider cumulative OET rather than simply in situ OET) when examining data sets to gain insights 
into OM burial processes. 
Within the BENBO data set in situ OET was related to OM burial efficiency, a relationship that could 
be extended to encompass sediments collected on the Californian, Mexican and Washington Margins. 
Thus, it has been possible to extend the data set compliant with the suggestions of Hartnett et al. 
(1998) into the Atlantic Ocean from the Pacific confirming that oxygen controls sediment OM burial 
efficiency and providing a mechanistic explanation of influences that are often seen of OC input and 
sediment accumulation rate which however, are not universal when different environments are 
compared. 
This study was also able to confirm that OC: SA ratios do indeed reflect OM quality both in the 
sediments and in the water column although again, the presence of highly degraded clays both in 
fluff material collected at site C and in site C sediments confused the picture. The highest quality 
OM, as indicated by OC-normalised amino acid and carbohydrate yields and by %AA-N, %AA-C, 
and %(THAA + TCHO)-C, traditionally-used indicators of OM degradation state, suggest that the OM 
was most labile at site B where SA ratios were highest, followed by site C and then site A. However, 
the incorporation of degraded clays at site C, which would have added little to the overall OC content 
of sediments, contributed greatly to the sediment surface area. The OC that these clays did contribute, 
however, was sufficient to influence a further traditional indicator of OM degradation state that 
typically increases as degradation proceeds, that is the mole% contribution of 3-alanine and y-amino 
butyric acid to the total amino acid pool, which was highest in site C sediments with the exception of 
the glacial clays at the base of site A cores. Thus, traditionally used indicators of OM degradation 
state yielded a somewhat conflicting picture of the degradation state of OM at the three BENBO sites. 
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When a newly developed degradation index (Dauwe et al., 1999a) was applied to the mole % 
composition of the amino acid pool in BENBO sediments it was able to resolve differences in the OM 
degradation state of sediment trap samples compared to fluff material and surficial sediment horizons. 
There was a general pattern of decreasing scores for the Dauwe et al. Index (1999a) passing from 
shallow then deep sediment trap samples, through fluff material, to surficial sediments at sites B and 
C and then site A, following the expected pattern of increasing OM degradation state with OM age in 
these samples. The Dauwe et al. (1999a) Index, however, appeared to be tuned to "short term" 
patterns in amino acid alteration (10's of years) because although it was able to distinguish the relative 
degrees of alteration of material within the water column, and at the sediment-interface it did not 
clearly distinguish the different degrees of alteration within sediments. For example, one of the 
lowest scores (i.e. most degraded) determined using this index was for sediments located at 3-4 cm at 
site B, the site that other parameters generally indicated to contain the most labile OM, and BENBO 
sediments yielded lower scores (i.e. more degraded) than an oxidised turbidite sample that had been 
exposed to 02 in situ for more than twice the length of time that BENBO sediments had. 
An independent multivariate analysis conducted on the amino acids mole % compositions of the 
BENBO bulk sediment, sediment trap and fluff material samples, was better "tuned" to disclose the 
factors that governed amino acid distributions in these sediments helping to explain the apparent 
inconsistencies revealed by traditional indices of OM degradation. The first principal component, as 
with the Dauwe et al. (1999a) index, represented OM degradation being controlled by increases and 
decreases in similar amino acids to those observed by Dauwe et al., and although the BENBO index 
was better able to distinguish differences in the degradation state of sediment OM, it was less good at 
making distinctions between water column samples. An X-Y plot of factor coefficients for the first 
two principal components of the BENBO data set PCA distinguished three groups of amino acids that 
behaved similarly with regard to these two components, implying that the relative proportions of 
amino acids common to each group were controlled by same processes. One group represented amino 
acids that were rapidly degraded during early diagenesis: leucine, isoleucine, phenylalanine, 
methionine, tyrosine and glutamic acid, and these amino acids all had positive factor coefficients with 
respect to the first BENBO principal component. On the basis of sample scores for this component, 
and the first component of the Dauwe Index, amino acids were shown to be a good indicator of OET. 
The amino acids in the second two groups all displayed negative factor coefficients with respect to the 
first BENBO principal component indicating that they became relatively enriched as degradation 
proceeds, but the two groups were distinguishable on the basis of whether they had negative or 
positive coefficients with respect to the second BENBO principal component. As degradation 
proceeded BENBO samples either became enriched in the amino acids -alathne and y-amino butyric 
acid and glycine (negative second component factor coefficients), or in aspartic acid, threonine, serine 
and alamne (positive second component factor coefficients) according to whether the sediments were 
calcareous oozes (upper -.15 cm of site A sediments and site B cores), or contained more clay material 
(base of cores at sites A and C). The enrichment of aspartic acid, threonine, serine and alanine was 
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apparently due to the preservation of organic matrix material within the CaCO 3-biomineralising 
organisms that dominated in some sediment horizons, whereas in samples with higher clay contents, 
the previously suggested association of non-protein amino acids with clay minerals (Muller et al., 
1977) was apparent. This bipolarity in the degradation "end-point" in amino acid compositions was 
confirmed when the derived BENBO PCA was applied to BENBO sediment size-fractions as the finer 
more CaCO 3-poor samples all generated more negative scores than their coarse, more CaCO 3-nch 
counterparts. Increases in the proportion of OC present as hexosamines in calcareous bulk sediments 
and in coarse size-fractions compared to more clay-rich samples, implied that the distribution of these 
compounds was also related to sediment CaCO 3 content. Desorption experiments conducted on the 
calcareous surficial sediment horizons from sites A and B showed that aspartic acid and hexosamines 
were very strongly associated with(in) the CaCO 3-dominated mineral phase due to matrix preservation 
or sorptive protection effects. In general, the desorption experiments indicated that labile bichemicals 
were subject to sorptive protection in these sediments as they were irreversibly bound to the mineral 
phase. Thus, it has been shown that mineralogy does influence the composition of OM in these 
sediments, and is therefore, likely to do so in other sediments where matrix preservation effects may 
be important; e.g. organic-poor sediments and sediments consisting of high proportions of biogenic 
minerals. A further implication of these results is that the traditionally used indicator of OM 
degradation state %(BALA + GABA) should not be applied to calcareous sediments as the protection 
of the precursor amino acid, aspartic acid within calcareous matrices inhibits its bacterial alteration to 
BALA, with aspartic acid itself becoming enriched as degradation proceeds. 
One further sample set examined in this study demonstrated that it was possible for bioturbation to 
bring about the transfer of labile OM to depth in sediments. The action of reverse conveyor-belt 
feeders in BENBO sediments transferred OM rich in both amino acids and carbohydrates in the form 
of green slime, which may have been the cause of a substantial subsurface peak in OC, TN and amino 
acids encountered at a depth of 10-11 cm in a core collected at site C. 
Therefore, in summary this study has extended the knowledge of OC: SA and OET's to regions of the 
northeast Atlantic, and whereas previous studies of these parameters have focused solely on fine-
grained and/ or more OM-rich sites, a data set now exists that includes deep-sea calcareous oozes that 
cover more than 50% of the ocean floor (Haese, 2000). It has confirmed that OET can explain OC 
preservation in different regions of the world ocean and that cumulative OET's determine sediment 
OC: SA ratios and the lability of the OM preserved. However, it has been demonstrated that 
superimposed on this preservation are matrix preservation effects that have not been recorded 
previously and that such effects must be considered when attempting to extrapolate OM composition 
and preservation in aluminosilicate muds where studies tend to be focused, to other globally 




Although this work has expanded knowledge of the processes influencing organic-mineral 
interactions, particularly in the water column, still very little is known about the form of mineral-
associated OM. This work has suggested that matrix protection effects can influence the form of OM 
incorporated into the sedimentary record. Further work examining the exact nature of OM associated 
with different CaCO3- or other biomineralising organisms would confirm the extent to which this 
mechanism of protection influences OM burial. In particular, it would be interesting to confirm 
through the analysis of carbonate-forming species the suggested association of hexosamines with such 
organisms. 
A number of other lines of research in this thesis would benefit from further development. The 
desorption experiments showed that the action of resuspending sedimentary material into a high liquid 
environment leads to the loss of OC and TN associated with the mineral phase. Analysis of the 
remnant sedimentary material showed that labile chemicals could be removed from their associated 
minerals in this way. Whilst DOC analyses were conducted on the desorbed material; i.e. the material 
that was removed from the mineral phase, no investigation into the biochemical composition of this 
phase was carried out. By analysing the biochemical composition of desorbable material released in 
each of the desorption steps it should be possible to determine the partition coefficients of individual 
biochemicals including those of nutritional importance to benthos. Through our knowledge of the 
reactivity of chemical moieties comprising the biochemicals, such experiments may yield information 
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Appendices 
APPENDIX ONE: Burrow sample salt corrections 
Sample Code Sample Details sample mass 
mg 
Cl- (ppm) 
in 40m1  
%salt 
CDI 11-C-i-F Box core 54409/i- faecal pellets- 16cm depth 118,87 39,02 2,42 
CDI 11-C-1-A Box core 54409/1- adjacent sediment- 16cm depth 106,93 57,85 3,99 
CDI 13-B-8 -F Box core 54702/7- green burrow contents- 14cm depth ND ND ND 
CDI 13-B-8 -A Box core 54702/7- adjacent sediment- 14cm depth 58,77 64,65 8,11 
CID 13-B-7- G Box core 54701/8- faecal pellets- 14 cm depth 42,78 272,66 46,96 
CDI3-B-7-A Box core 547Ol/8- adjacent sediment- 14 cm depth ND ND ND 
CDI 13-C-9 -F Box core 54705/9- faecal pellets- 14cm depth 111,74 93,44 6,16 
CD1 13-C-9 -A Box core 54705/9- adjacent sediment- 14cm depth 118,14 40,49 2,53 
ND: no data because of lack of available sample. 
APPENDIX TWO: Sediment trap sampling periods, calculated fluxes and 
masses combined to produce a "representative" sample 
Deployment No:XXII- Site A 







mass of 118 
split (mg) 




Ratio of sample 
masses (x 50) 
Actual Weighed 
Amount (mg) 
3XIII-A-1&2 31.08.97 243.5 14 49.33 394.62 56.37 60.06 60.09 
XXII-A-3&4 14.09.97 257.5 14 69.18 553.45 79.06 84.23 84.44 
XXII-A-5&6 28.09.97 271.5 28 41.07 328.53 23.47 50 50.47 
XXII-A-7&8 26.10.97 299.5 28 80.82 646.53 46.18 98.40 98.49 
XXII-A-9-13 23.11.97 327.5 98 151.85 1214.79 24.79 184.88 185.27 
XXII-A-14-21 01.03.98 60.5 56 101.14 809.15 231.19 123.15 124.14 
close 126.04.98 116.5 1 	TOTAL 1 	600.72 602.9 







mass of 1/8 
split (mg) 




Ratio of sample 
masses (x 70) 
Actual Weighed 
Amount (mg) 
XXII-B-1&2 31.08.97 243.5 14 57.17 457.40 65.34 70 70.22 
XXII-B-3&4 14.09.97 257.5 14 70.02 560.17 80.02 85.73 86.1 
XXII-B-5&6 28.09.97 271.5 28 113.00 903.97 64.57 138.34 138.38 
XXII-B-7&8 26.10.97 299.5 28 93.87 750.92 53.64 114.92 115.02 
XXII-B-9-14 23.11.97 327.5 105 126.09 1008.73 96.07 154.38 154.6 
close 8.3.97 67.5 TOTAL 563.37 564.32 
Deployment No:XXI- Site B 







mass of 118 
split (mg) 




Ratio of sample 
masses (x 40) 
Actual Weighed 
Amount (mg) 
XXI-A-1&2 31.08.97 243.5 14 42.30 338.43 48.35 40 40.65 
XXI-A-3-5 14.09.97 257.5 28 105.16 841.28 60.09 99.43 101.34 
XXI-A-6 12.10.97 285.5 14 81.05 648.39 92.63 77 77.93 
XXI-A-7&8 26.10.97 299.5 28 90.41 723.26 51.66 85.49 88.36 
XXI-A-9-21 23.11.97 327.5 154 48.60 388.79 5.05 45.95 48.79 
close 26.04.98 116.5 TOTAL 347.51 357.07 







mass of 1/8 
split (mg) 




Ratio of sample 
masses (x 100) 
Actual Weighed 
Amount (mg) 
XXI-B-1-4 31.08.97 243.5 28 87.13 697.02 49.79 115 115.56 
XXI-B-5&6 28.09.97 271.5 28 121.90 975.17 69.66 161.48 163.52 
XXI-13-7-21 26.10.97 299.5 182 75.49 603.91 6.64 100 110.05 
close 26.04.98 116.5 TOTAL 376.89 389.13 
II 
APPENDIX THREE: Sediment grain size distributions for size-fractioned 
samples along with separation efficiencies for the size-fractionation 
procedure. 
Grain size distributions for size-fractionated sediments 





Percentage In Fraction 







0-1 <20 am 18.19 90.24 81.48 0.33 0 0 8.614 6.304 9.452 
26-28 <20 am 32.86 96.72 67.12 0.02 0 0 5.411 3.487 4.463 
0-1 >20 am 3.09 10.87 17.44 21.45 57.62 0.4 79.96 72.24 80.67 
1.5-2 >20jgp 6.99 25.93 25.48 11.37 50.2 5.96 83.14 75.27 111.3 






Percentage in Fraction 







0-1 <20ji 17.37 89.86 82.38 0.25 0 1 0 8.613 6.159 9.452 
0-1 >20 am 3.61 16.86 26.7 21.77 47.51 1 	0.41 70.14 60.47 72.46 





Percentage In Fraction 







0-1 <20ji 10.77 1 	84.72 1 	88.49 0.74 0 1 0 10.39 7.662 9.452 






Percentage In Fraction 







0-1 <20 pm 10.54 1 	82.08 1 	88.59 0.87 0 0 11.11 8.412 9.452 





Percentage In Fraction 







0-1 <20 pm 14.77 I 	91.24 1 84.63 0.6 0 0 8.957 7.056 10.52 
0-1 >20 pm No data 





Percentage in Fraction 







0-1 <20 am 14.07 84.41 79.85 3.94 2.14 0 12.25 7.663 10.52 
7-8 <20jp 19.82 92.15 79.92 0.26 0 0 8.001 5.843 9.452 
17-19 <20 am 20.8 90.92 78.71 0.49 0 0 8.05 5.517 9.452 
17-20 >20 pn 4.22 16.14 33.23 28.91 32.42 1.22 60.52 47.08 47.19 
I 	Idenotes proportion of sample < 20 pm representing the separation efficency for < 20 pm samples and 
(1-separation efficiency) for >20 pm samples 
III 
APPENDIX FOUR: Total carbon, total nitrogen and organic carbon contents 
for bulk sediments, sediment traps, sediment size fractions and burrow 
samples. 
PART A: TOTAL CARBON 
Bulk Sediments 
CDIII-A CDII3-A 
SAMPLE %TC 	%TC 	%TC SAMPLE 	%TC 	%TC 	%TC 	%TC 
NAME Analysis 1 	Replicate 1 	(dry wt.) NAME Analysis I 	Replicate I 	Replicate 2 wt.) 
0 -0.5 cm 9.090 9.090 0 -0.5 cm 9.261 9.261 
0.5 - 1 cm 9.102 9.102 0.5 - 1 cm 9.270 9.270 
1 - 1.5 cm 9.288 	9.373 9.330 1 - 1.5 cm 8.998 8.998 
1.5-2cm 8.980 9.347 9.164 1.5-2cm 9.187 	9.114 9.150 
2 -2.5 cm 9.466 	9.506 9.486 2 - 3 cm 9.211 9.178 9.195 
2.5 -3 cm 9.383 9.443 9.413 3 -4cm 9.343 9.343 
3 -4 cm 9.460 9.460 4 - 5 cm 9.258 	9.300 9.279 
4-5cm 9.410 9.410 5-6cm 9.112 9.112 
5 -6.3 cm 9.423 	9.345 9.384 6 -7 cm 8.969 8.969 
6.3-7cm 9.153 9.153 7-8cm 8.634 8.634 
7 - 8 cm 8.950 8.950 8 -9cm 8.836 8.836 
8 - 9 cm 9.066 9.066 9 - 10 cm 7.932 7.932 
9-10cm 8.914 8.914 10-11cm 7.113 	7.159 7.136 
10 - 11 cm 8.946 8.946 11 - 12 cm 7.940 7.940 
11 - 12 cm 8.700 8.700 12 - 13 cm 6.228 6.228 
12 - 13 cm 8.354 	8.163 8.259 13 - 14 cm 3.475 	3.543 3.509 
13 - 14 cm 7.720 7.646 7.683 14- 16 cm 3.338 3.157 	3.263 3.252 
14- 15 cm 7.589 	7.577 7.583 16- 18 cm 3.124 	3.044 2.972 3.047 
15-16cm 6.774 6.774 18-20 cm 3.110 3.037 	3.005 3.051 
16 - 18 cm 7.373 	7.363 7.368 20 -22 cm 3.555 	3.574 3.565 
18 -20 cm 3.665 4.045 3.855 22 -24 cm 2.955 2.955 
20 -22 cm 3.083 	3.590 3.336 24 -26cm 3.444 3.444 
22 - 24 cm 2.833 2.788 2.811 26-28 cm 2.279 2.279 
24 -26cm 3.281 3.281 28 -30cm 2.823 2.823 
26 -28 cm 2.859 2.859 
28 - 30 cm 3.340 3.340 
NB Values are not blank corrected 
Iv 
CDII1-B CD113-B 
SAMPLE %TC %TC %TC %TC SAMPLE %TC %TC %TC 
NAME Analysis 1 Replicate I Replicate 2 (dry wt.) NAME Analysis I Replicate 1  
0-0.5 cm 9.846 9.846 0-0.5cm 9.847 9.847 
0.5 - 1 cm 9.835 9.871 9.984 9.897 0.5 - 1 cm 10.041 10.041 
- 1.5 cm 10.117 10.090 10.103 1 - 1.5 cm 10.141 10.235 10.188 
1.5 -2cm 10.217 10.106 10.162 1.5 -2cm 10.260 10.260 
2 -3cm 10.208 10.186 10.197 2 -3cm 10.314 10.314 
3-4cm 10.199 10.209 10.204 3-4 cm 10.352 10.352 
4-5cm 10.141 10.236 10.189 4-5 cm 10.355 10.355 
5 -6cm 10.274 10.143 10.208 5 -6cm 10.364 10.364 
6 - 7 cm 10.248 10.464 10.356 6 -7 cm 10.266 10.266 
7 -8cm 10.382 10.347 10.365 7-8 cm 10.384 10.324 10.354 
8 -9cm 10.336 10.333 10.334 8-9cm 10.441 10.441 
9 - 10 cm 10.292 10.352 10.322 10 cm 10.423 10.423 
10 - 11 cm 10.339 10.326 10.333 11 cm 10.332 10.236 10.284 
11-12cm 10.228 10.228 11-12cm 10.423 10.423 
12 - 13 cm 10.282 10.282 12- 13 cm 10.288 10.288 
13-14cm 10.323 10.323 13-14cm 10.418 10.418 






17 cm 10.282 10.291 10.287 
17-18cmA 10.257 10.257 
17-18cmB 10.262 10.262 
18-19cm 10.186 10.186 
19-20 cm 10.003 10.197 10.100 
20 - 22 cm 9.986 9.976 9.981 
22 - 24 cm 9.997 9.997 
NB Values are not blank corrected 
V 
CD1II-C CDII3-C  
SAMPLE 	%TC 	%TC 	%TC SAMPLE 	%TC %TC 
NAME Analysis I 	Replicate I 	I (diy wt) NAME Analysis 1 (dry wt.) 
0-0.5cm 6.838 6.838 FLUFF 1.389 1.435 
0.5 - 1 cm 6.919 6.919 0 -0.5 cm 7.152 7.152 
- 1.5 Cm 7.020 	6.978 6.999 0.5 - 1 cm 7.091 7.091 
1.5 -2cm 6.974 6.974 1-1.5cm 7.098 7.098 
2 -3cm 6.985 	6.999 6.992 1.5-2cm 7.106 7.106 
3 -4cm 6.953 6.953 2 -2.5 cm 7.146 7.146 
4- 5 cm 7.039 7.039 2.5 -3 cm 7.124 7.124 
5-6cm 7.283 	7.113 7.198 3-4cm 7.181 7.181 
6-7cm 7.159 7.159 4-5cm 7.145 7.145 
7- 8 	c 7.008 7.008 5 -6cm 7.189 7.189 
8-9cm 7.174 7.174 6-7cm 7.239 7.239 
9- 10 Cm 7.237 7.237 7 -8cm 7.309 7.309 
10 - Il cm 7.232 7.232 8 -9cm 7.257 7.257 
11 - 12 cm 7.223 7.223 9- 10 cm 7.173 7.173 
13 cm 7.095 	7.170 7.133 10-11cm 7.187 7.187 
14 cm 7.141 7.076 7.108 11-12cm 7.188 7.188 
14-16cm 7.143 7.143 12-13cm 7.210 7.210 
16- 18 cm 7.020 7.020 13 - 15 cm 7.254 7.254 
18 -20cm 7.094 7.094 15 - 17 cm 6.978 6.978 
20-22cm 7.021 7.021 17-19cm 7.151 7.151 
22 - 24 cm 6.943 6.943 
24 - 26 cm 6.874 	6.920 6.897 
26 - 28 cm 6.960 6.960 
28 - 30 cm 6.733 6.733 
NB Values are not blank corrected 
VI 
Sediment Size Fractions 










Replicate 2 	I (dry wt.) 
0-1 <20 pm 7.699 7.699 
1.5-2 <20 pm 7.732 7.732 
26-28 <20 pm 2.599 2.599 
0-1 >20 pm 10.092 10.092 
1.5-2 >20 pm 5.940 6.217 6.078 
26-29 >20 pm 4.932 4.932 
a A- cruise CDII3 
Sample Split %TC 	%TC %TC 	%TC 
(cm) Size Analysis 1 	Replicate I Replicate 2 	I -(dry wt.) 
0-1 <20 pm 7.909 7.909 
0-1 >20 pm 7.984 7.984 
a B- cruise CDIII 
Sample Split %TC 	%TC 	%TC %TC 
(cm) Size Analysis I 	Replicate I 	Replicate 2 	J (dry wt) 
0-1 <20 pm 9.499 9.499 
0-1 >20 pm 10.360 10.360 
Site B- cruise CDII3 
Sample Split %TC 	%TC %TC 	%TC 
(cm) Size Analysis I 	Replicate I Replicate 2 (dry wt.) 
0-1 <20 pm 9.027 9.027 
0-1 >20 pm 9.988 9.988 
Site C- cruise CDIII 
Sample Split %TC %TC 	%TC %TC 
(cm) Size Analysis I Replicate 1 	Replicate 2 (dry wt.) 
0-1 <20 pm 6.792 6.661 6.726 
0-1 >20 pin 8.137 8.217 8.177 










Replicate 2 	I (dry wt.) 
FLUFF <20 pm 1.606 1.452 1.400 1.486 
0-1 <20 pm 6.937 6.890 6.914 
7-8 <20 pm 5.734 5.734 
17-19 <20 pm 0.574 5.055 
FLUFF >20 pm 7.280 7.280 
0-1 >20 pm 8.440 8.563 8.502 
7-8 >20 pm 4.772 4.976 4.874 
17-19 >20 pm 5.006 5.006 
NB Values are not blank corrected 
VII 
Sediment Trap Samples 
Deployment No:XXII- Site A 








XXIII-A-1&2 31.08.97 243.5 14 14.262 
XXII-A-3&4 14.09.97 257.5 14 13.564 
XXII-A-5&6 28.09.97 271.5 28 13.153 
XXII-A-7&8 26.10.97 299.5 28 13.005 
XXII-A-9-13 23.11.97 1 	327.51 981 12.318 
XXII-A-14-21 01.03.98 1 60.51 561 12.376 
close 26.04.98 1 116.5 
Sample 
Code 
Expected I 	%TC Measured %TC I Analysis I Replicate I 	(dry wt.) 
Combined Sample 1 12.88 1 	13.981 	12.574 	I 13.277 








XXII-B-1&2 31.08.97 243.5 14 11.772 
XXII-B-3&4 14.09.97 257.5 14 12.343 
XXII-B-5&6 28.09.97 271.5 28 10.248 
XXII-B-7&8 26.10.97 299.5 28 11.146 
XXII-B-9-14 23.11.97 327.5 105 11.064 
close 8.3.97 67.5 
Sample 
Code 
Expected I 	%TC Measured %TC I Analysis I Replicate I  
Combined Sample 1 12.88 1 	11.074 	11.097 	I 11.085 
NB Values are not blank corrected 
Deployment No:XXI- Site B 








XXI-A-1&2 31.08.97 243.5 14 19.403 
XXI-A-3-5 14.09.97 257.5 28 17.390 
XXI-A-6 12.10.97 285.5 14 16.940 
XXI-A-7&8 26.10.97 299.5 28 16.785 
XXI-A-9-21 23.11.97 327.5 154 19.803 





Measured %TC__________ I  Analysis I 	Replicate I 	(dry wt.) 
Combined Sample 17.70 17.91558841 1 	17.916 








XXI-B-14 31.08.97 243.5 28 19.997 
XXI-B-5&6 28.09.97 271.5 28 15.486 
XXI-B-7-21 26.10.97 299.5 182 16.497 
close 26.04.98 116.5 
Sample 
Code 
Expected I 	%TC Measured %TC__________ I  Analysis I 	Replicate I  
Combined Sample 1 17.111 16.277 15.694 	1 	15.985 
NB Values are not blank corrected 
VIII 
Burrow Samples 








%TC (dry wt.) 
(salt corrected) 
CD111-C-1-F 7.780 7.780 7.817 
CD111-C-1-A 7.010 7.010 7.042 
CD13-B-7-G 9.173 8.888 9.154 9.072 9.111 
CD13B7A* 10.270 9.072 N/A 
CD113C8.F* 7.324 7.213 7.232 10.270 N/A 
CD113-C-8-A 7.196 7.196 7.227 
CD113-C-9-F 7.552 7.552 7.587 
CD113-C-9-A 7.307 7.307 7.342 
*denotes samples where no salt corrections were made 
NB Values are not blank corrected 
Desorption Experiments 
Site 	Sample Sample %TC %TC %TC %TC 
(cm) Type Analysis I Replicate I Replicate 2  
Untreated 9.261 9.261 
A-CD1I3 	0-0.5 cm 
Desorbed 9.278 
9.847 
9.442 9.297 9.339 
9.847 Untreated 
B-CDII3 	0-0.5 cm 
Desorbed 10.156 0.339 0.408 10.156 
NB Values are not blank corrected 
Typical Total Carbon Blank Values 
NB: Blanks are presented along with the smallest acetanilide standards measured in the respective 
analytical run for comparison. 
Sample Type Sample Carbon 
Weight (sg) Counts 
Acetanalide 60.3 164647 
boat blank 0 4611 
Acetanalide 61.2 130897 
boat blank 1 0 4632 
boat blank 2 0 5372 
Acetanalide 47.9 109052 
boat blank 0 5301 
Acetanalide 58.3 127557 
boat blank 0 3660 
Acetanalide 68.7 147103 
boat blank 0 2111 
Acetanalide 55.2 120939 
boat blank 1 0 3704 
boat blank 2 0 8114 
F etanalide 57.4 122717 at blank 0 2743 
Ix 
PART B: TOTAL NITROGEN 
Bulk Sediments 
CDIII-A CDII3-A 
SAMPLE %TN 	%TN 	%TN SAMPLE 	%TN 	%TN 	%TN 
NAME Analysis I 	Replicate I 	I 	(dry wt.) NAME Analysis 1 	Replicate I 	J -(dry ,,Q 
0 -0.5 cm 0.063 0.063 0 -0.5 cm 0.057 0.057 
0.5 - 1 cm 0.063 0.063 0.5 - 1 cm 0.048 0.048 
- 1.5 cm 0.053 0.053 1 - 1.5 cm 0.047 0.047 
1.5 -2cm 0.060 0.060 1.5 -2cm 0.050 	0.053 0.052 
2 -2.5 cm 0.065 	0.060 0.063 2 - 3 cm 0.041 0.041 
2.5 -3 cm 0.050 0.050 3 -4cm 0.038 0.038 
3 -4cm 0.051 0.051 4-5cm 0.037 0.037 
4 -5 cm 0.051 0.051 5 -6cm 0.043 0.043 
5 - 6.3 cm 0.043 0.043 6- 7 cm 0.041 0.041 
6.3 - 7 cm 0.047 0.047 7 - 8 cm 0.040 0.040 
7 - 8 cm 0.044 0.044 8 - 9 	c 0.038 0.038 
8 - 9 cm 0.043 0.043 9 - 10cm 0.038 0.038 
9 - 10 cm 0.043 0.043 10 - 11 cm 0.048 0.048 
10 - 11 cm 0.043 0.043 11 - 12cm 0.042 0.042 
11 - 12 cm 0.047 0.047 12 - 13 cm 0.043 0.043 
12 - 13 cm 0.042 	0.047 0.044 13 - 14 cm 0.047 	0.045 0.046 
14 cm 0.040 0.045 0.043 16 cm 0.047 0.047 
14- 15 cm 0.052 0.052 16 - 18 cm 0.041 0.041 
15 - 16 cm 0.058 0.058 18 -20cm 0.031 	0.033 0.032 
16 - 18 cm 0.059 0.059 20 -22 cm 0.045 0.045 
18 - 20 cm 0.061 	0.068 0.065 22 -24cm 0.042 0.042 
20 - 22 cm 0.054 0.054 24 -26cm 0.048 0.048 
22 -24cm 0.041 0.041 26 -28cm 0.047 0.047 
24 -26 cm 0.045 0.045 28 - 30 cm 0.050 0.050 
26 - 28 cm 0.046 0.046 
28 -30cm 0.051 0.051 
NB Values are not blank corrected 
CDII1-B CDII3-B 
SAMPLE 	%TN 	%Th 	%Th SAMPLE 	%TN 	%TN 	%TN 
NAME Analysis I 	Replicate I 	I 	(dry wt.) NAME Analysis I 	Replicate I 	I (dry wt.) 
0 -0.5 cm 0.089 0.074 0.082 0 -0.5 cm 0.098 0.098 
0.5 - 1 cm 0.072 0.072 0.5 - 1 cm 0.077 0.077 
- 1.5 Cm 0.066 	0.058 0.062 1 - 1.5 cm 0.084 	0.079 0.081 
1.5 -2cm 0.065 0.065 1.5 -2cm 0.079 0.079 
2 - 3 cm 0.056 0.056 2 - 3 cm 0.073 0.073 
3 -4cm 0.053 	0.065 0.059 3 -4cm 0.075 0.075 
4 - 5 cm 0.068 0.068 0.068 4 - 5 cm 0.076 0.076 
5 - 6cm 0.067 	0.069 0.068 5 -6 cm 0.075 0.075 
6 - 7 cm 0.055 0.055 6 -7 cm 0.073 0.073 
7 - 8 cm 0.078 	0.081 0.079 7 - 8 cm 0.075 	0.066 0.070 
8 - 9cm 0.056 0.056 8 - 9 cm 0.066 0.066 
9 - 10 cm 0.069 0.069 9 - 10cm 0.067 	0.061 0.064 
10- 11 cm 0.064 0.064 10- 11 cm 0.062 0.062 
11 - 12cm 0.056 0.056 11 - 12 cm 0.063 0.063 
12 - 13 cm 0.058 0.058 12 - 13 cm 0.060 0.060 
13 - 14 cm 0.054 0.054 13 - 14 cm 0.054 0.054 






16 - 17 cm 0.048 0.048 
17- 18 cm A 0.065 0.065 
17- 18 cm B 0.085 0,085 
18-19cm 0.054 0.054 
19-20cm 0.054 0.054 
20 -22 cm 0.050 0050 
22 -24 cm 0.060 0.060 
NB Values are not blank corrected 
XI 
CDIII-C CDII3-C 
SAMPLE 	%TN 	%TN 	%TN SAMPLE 	%TN 	%TN 	%TN 	%TN 	%TN 
NAME Analysis I 	Replicate I 	F(-dry wt.) NAME Analysis I 	Replicate I 	Replicate 2 	Replicate 3 
0 - 0.5 cm 0.091 0.091 FLUFF 0.074 0.075 0.069 0.079 0.074 
0.5 - 1 cm 0.084 0.084 0- 0.5 cm 0.110 0.110 
- 1.5 cm 0.086 0.086 0.5- 1 cm 0.089 0.089 
1.5 -2cm 0.075 0.075 1 - 1.5 cm 0.135 0.135 
2 - 3 cm 0.068 0.068 1.5 -2cm 0.089 0.089 
3 -4cm 0.078 0.078 2 -2.5 cm 0.086 0.086 
4-5 cm 0.076 0.076 2.5 -3 cm 0.076 0.076 
5 - 6 	c 0.086 0.086 3 - 4 cm 0.066 0.066 
6 - 7 cm 0.075 0.075 4- 5 cm 0.063 0.063 
7- 8 cm 0.071 	0.079 0.075 5 -6cm 0.071 0.071 
8 - 9 cm 0.076 0.076 6 - 7 cm 0.077 0.077 
10 Cm 0.092 0.092 7- 8 	c 0.082 0.082 
11 cm 0.096 0.096 8 -9 cm 0.082 0.082 
11 - 12 cm 0.102 0.102 9- 10 Cm 0.095 0.095 
12- 13 cm 0.103 	0.106 0.104 10- 11 cm 0.099 0.099 
13- 14 cm 0.083 0.083 11 - 12 cm 0.098 0.098 
14-16cm 0.075 0.075 12-13cm 0.101 0.101 
16- 18 cm 0.073 0.073 13 - 15 cm 0.101 0.101 
18-20 cm 0.074 0.074 15-17cm 0.116 0.116 
20-22cm 0.071 0.071 17-19cm 0.105 1 	0.105 
22 - 24 cm 0.070 0.070 
24 - 26 cm 0.078 0.078 
26- 28 cm 0.076 0.076 
28 - 30cm 1 	0.076 1 	0.076 
NB Values are not blank corrected 
XII 
Sediment Size Fractions 
Site A- cruise CDIII 
Sample - - 	 Split %TN %TN %TN 	%Th 
(cm) Size Analysis I Replicate I Replicate 2 I 	(dry wt.) 
0-1 <20 pm 0.067 0.067 
1.5-2 <20 pm 0.063 0.063 
26-28 <20 pm 0.051 0.051 
0-1 >20 pm 0.052 0.052 
1.5-2 >20 pm 0.051 0.062 0.056 
26-29 >20 pm 0.048 0.048 
cruise CDI 13 
Sample Split %TN 	%TN %TN 
(cm) Size Analysis I 	Replicate I F (dry wt) 
0-1 <20 pm 0.063 0.063 
0-1 >20 pm 0.042 0.042 
cruise CDIII 
Sample Split %TN 	%TN %TN 
(cm) Size Analysis I 	Replicate I F (dry wt.) 
0-1 <20 pm 0.072 0.072 
0-1 >20 pm 0.077 0.077 
Site B- cruise CDI 13 
Sample Split %TN 	%TN %TN 
(cm) Size Analysis I 	Replicate I  
0-1 <20 pm 0.081 0.081 
0-1 >20 pm 0.052 0.052 
cruise CDIII 
Sample Split %TN %TN %TN 	%TN 
(cm) Size Analysis I Replicate I Replicate 2 I 	(dry wt.) 
0-1 <20 pm 0.097 0.093 0.095 
0-1 >20 pm 0.063 0.069 0.066 










Replicate 2  
FLUFF <20 pm 0.077 0.079 0.067 0.074 
0-1 <20 pm 0.078 0.104 0.091 
7-8 <20 pm 0.053 0.505 0.053 
17-19 <20 pm 0.084 0.084 
FLUFF >20 pm 0.356 0.356 
0-1 >20 pm 0.070 0.092 0.081 
7-8 >20 pm 0.038 0.038 
17-19 >20 pm 0.046 0.046 
NB Values are not blank corrected 
XIII 
Sediment Trap Samples 
Deployment No:XXII- Site A 








XXIII-A-1&2 31.08.97 243.5 14 1.055 
XXII-A-3&4 14.09.97 257.5 14 0.642 
XXII-A-5&6 28.09.97 271.5 28 0.535 
XXII-A-7&8 26.10.97 299.5 28 0.821 
XXII-A-9-13 123.11.97 1 	327.51 981 0.676 
XXII-A-14-21 101.03.98 1 60.51 561 0.855 
close 126.04.98 1 	116.5 
Sample 
Code 
Expected I 	%TN Measured %TN________ I  Analysis I Replicate I 
Combined Sample 1 0.76 1.069 	0.714 	0.892 








XXII-B-1&2 31.08.97 243.5 14 0.594 
XXII-B-3&4 14.09.97 257.5 14 0.491 
XXII-B-5&6 28.09.97 271.5 28 0.353 
XXII-B-7&8 26.10.97 299.5 28 0.578 
XXII-B-9-14 123.11.97 1 	327.51 1051 0.584 
close 18.3.97 1 67.5 
Sample 
Code 
Expected I 	%TN Measured %TN________ I  Analysis I Replicate I 	I (dry wL) 
Combined Sample 1 0.51 1 	0.489 	0.508 	I 	0.498 
NB Values are not blank corrected 
XIV 
Deployment No:XXI- Site B 








XXI-A-1&2 31.08.97 243.5 14 2.126 
XXI-A-3-5 14.09.97 257.5 28 1.524 
XXI-A-6 12.10.97 285.5 14 1.403 
XXI-A-7&8 26.10.97 299.5 28 1.319 
XXI-A-9-21 23.11.97 327.5 154 1 	2.560 





Measured %TN  I 	Analysis 1 	Replicate I 
Combined Sample 1 	1.66 1 1.699 I 	1.699 








XXI-13-1-4 31 .08.97 243.5 28 1.824 
XXI-B-5&6 28.09.97 271.5 28 1.157 
XXI-13-7-21 26.10.97 299.5 182 1.244 





Measured %TN _________ 
Analysis I 	Replicate I I (dry wt.) 
Combined Sample 1 	1.38 1 	1.069 0.714 	I 	0,892 
NB Values are not blank corrected 
Burrow Samples 
Sample Code %TN 	%TN 	%TN 	%TN (thy t) 
Analysis 1 	Replicate 1 	Replicate 3 I(uncorrected) 
%TN (thy wt.) 
(salt corrected) 
CDIII-C-1-F 0.115 0.115 0.12 
CDII1-C-1-A 0.072 0.072 0.07 
CD13-13-7-G 0.230 	0.225 	0.223 0.226 0.23 
CD13137A* 0.050 0.050 N/A 
CD1 13-C-8 F* 0.090 	0.065 	0.096 0.084 N/A 
CD1 13-C-8 -A 0.065 0.065 0.07 
CD113-C-9-F 0.098 0.098 0.10 
CD1 13-C-9 -A 0.086 0.086 0.09 
*denotes samples where no salt corrections were made 
Desorption Experiments 
Site 	Sample Sample %TN %TN %TN %TN 
(cm) Type Analysis I Replicate I Replicate 2 (dry wt.) 
Untreated 0.057 0.057 
A-CD113 	0-0.5 cm 
Desorbed 0.050 
0.098 
0.044 0.053 0.049 
0.098 Untreated 
B-CD113 	0-0.5 cm 
Desorbed 1 	0.076 0.339 0.408 0.076 
NB Values are not blank corrected 
XV 
Typical Total Nitrogen Blank Values 
Sample Type Sample Nitrogen 
Weight (tg) Counts 
Acetanalide 60.3 10685 
boat blank 0 0 
Acetanalide 61.2 6608 
boat blank i 0 0 
boat blank 2 0 0 
Acetanalide 47.9 5251 
boat blank 0 0 
Acetanalide 58.3 6363 
boat blank 0 253 
Acetanalide 68.7 7686 
boat blank 0 0 
Acetanalide 55.2 6486 
boat blank i 0 0 
boat blank 2 0 0 
Acetanalide 57.4 5794 
boat blank 0 0 
NB: Blanks are presented along with the smallest acetanilide standards measured in the respective 
analytical run for comparison. 
xv' 
PART C: ORGANIC CARBON 
Bulk Sediments 
CDIII-A  CDI13-A  
SAMPLE %OC 	%OC %OC SAMPLE 	%OC 	%OC %OC 
NAME Analysis I 	Replicate I (dry wt.) NAME Analysis I 	Replicate I (dry wt.) 
o - 0.5 cm 0.363 0.363 0 -0.5 cm 0.374 0.374 
0.5 - 1 cm 0.339 0.339 0.5 - 1 cm 0.366 0.366 
- 1.5 cm 0.352 0.352 1 - 1.5 cm 0.308 0.308 
1.5 -2 cm 0.282 0.282 1.5 -2cm 0.264 0.264 
2 -2.5cm 0.325 	0.285 0.305 2 -3 cm 0.297 0.297 
2.5 -3 cm 0.298 0.298 3 -4cm 0.324 0.324 
3 -4 cm 0.277 0.277 4 - 5 cm 0.253 0.253 
4 - 5 cm 0.225 0.225 5 -6cm 0.237 	0.216 0.227 
5 -6.3 cm 0.248 0.248 6 -7cm 0.196 0.196 
6.3 -7cm 0.262 	0.256 0.259 7 - 8 	c 0.190 0.190 
7 -8 cm 0.267 0.267 8 -9cm 0.193 0.193 
8 -9cm 0.223 	0.192 0.207 9- 10 cm 0.185 0.185 
9 - 10 cm 0.228 0.228 10 - 11 cm 0.200 0.200 
10-11cm 0.210 0.210 11-12cm 0.219 0.219 
11 - 12 cm 0.227 0.227 12 - 13 cm 0.199 0.199 
12-13cm 0.198 0.198 13-14cm 0.241 	0.240 0.240 
13 - 14 cm 0.224 0.224 14- 16 cm 0.225 0.225 
14-15cm 0.212 0.212 16-18cm 0.230 0.230 
15- 16 cm 0.219 0.219 18-20cm 0.206 0.206 
16 - 18 cm 0.224 0.224 20-22cm 0.205 0.205 
18-20cm 0.196 0.196 22-24cm 0.230 0.230 
20-22cm 0.156 0.156 24-26cm 0.248 0.248 
22 -24cm 0.163 0.163 26-28cm 0.281 	0.321 0.301 
24 -26cm 0.188 	0.202 0.195 28 -30cm 1 	0.186 1 	0.186 
26-28 cm 0.173 0.173 
28 - 30 cm 1 	0.207 1 	0.207 
NB Values are blank corrected 
XVII 
CDIII-B  CD1I3-B  
SAMPLE 	%OC 	%OC %OC SAMPLE 	%OC 	%OC %OC 
NAME Analysis I 	Replicate 1 (dry wt.) NAME Analysis I 	Replicate 1 (dry wt.) 
0-0.5cm 0.515 0.515 0-0.5 cm 0.667 0.683 0.675 
0.5 - 1 cm 0.465 0.465 0.5 - 1 cm 0.478 0.478 
- 1.5 cm 0.430 	0.400 0.415 1 - 1.5 cm 0.538 0.538 
1.5 - 2 cm 0.400 0.400 1.5 -2 cm 0.463 0.463 
2 - 3 cm 0.380 0.380 2 - 3 cm 0.483 0.483 
3 -4 cm 0.378 0.378 3 -4cm 0.421 0.421 
4 - 5 cm 0.430 	0.419 0.425 4 - 5 cm 0.432 0.432 
5 -6cm 0.403 0.403 5 -6cm 0.419 0.419 
6 - 7 cm 0.403 0.403 6 -7 cm 0.459 0.459 
7 - 8 cm 0.429 0.429 7 - 8 cm 0.439 0.439 
8 -9cm 0.414 0.414 8-9cm 0.410 0.410 
9- 10cm 0.394 0.394 9- 10cm 0.415 0.415 
10 - 11 cm 0.407 0.407 10 - 11 cm 0.385 0.385 
11 - 12 cm 0.397 0.397 11 - 12 cm 0.392 0.392 
12 - 13cm 0.381 0.381 12- 13 cm 0.335 0.335 
13 - 14 cm 0.344 0.344 13 - 14 cm 0.349 0.349 
14-15cm 1 	0.376 0.376 14- 15 cm 





16-17cm 0.413 0.413 
17-18cmA 0.410 0.410 
17-18cm B 0.403 0.403 
18-19cm 0.317 0.317 
19 -20cm 0.298 0.298 
20-22cm 0.341 0.341 
22 - 24 cm 0.343 0.343 
NB Values are blank corrected 
CDIII-C CDI13-C  
SAMPLE %OC %OC %OC %OC SAMPLE %OC %OC %OC %OC 
NAME Analysis I Replicate I Replicate 2 (dry wt.) NAME Analysis I Replicate I Replicate 2 (dry wt.) 
0 -0.5cm 0.602 0.602 FLUFF 0.446 0.429 0.484 0.453 
0.5 - 1 cm 0.586 0.553 0.570 0-0.5cm 0.674 0.429 0.446 0.674 
- 1.5 cm 0.537 0.537 0.5- 1 cm 0.566 0.573 
1.5 -2 cm 0.463 0.463 1 - 1.5cm 0.573 0.580 0.573 
2 -3cm 0.421 0.421 1.5-2 cm 0.507 0.507 
3 -4cm 0.445 0.471 0.420 0.446 2-2.5cm 0.519 0.519 
4 - 5 cm 0.490 0.490 0.490 2.5 - 3 cm 0.465 0.458 
5 -6cm 0.467 0.470 0.469 3 -4cm 0.545 0.452 0.464 
6 -7cm 0.456 0.459 0.458 4-5cm 0.435 0.383 0.435 
7 - 8 cm 0.509 0.509 5 - 6 cm 0.441 0.422 
8 -9cm 0.535 0.572 0.546 0.551 6- 7 cm 0.450 0.403 0.442 
10 Cm 0.657 0.657 7-8cm 0.410 0.433 0.410 
11 cm 0.700 0.686 0.693 8-9cm 0.437 0.428 
11 - 12 cm 0.634 0.681 0.655 0.657 10 cm 0.458 0.419 0.454 
12- 13 cm 0.606 0.592 0.599 11 cm 0.457 0.449 0.457 
13 - 14 cm 0.477 0.477 11 - 12 cm 0.526 0.518 
14- 16 cm 0.509 0.509 12- 13 cm 0.525 0.510 0.523 
16- 18 cm 0.477 0.477 13 - 15 cm 0.548 0.521 0.537 
18 -20cm 0.470 0.470 15 - 17 cm 0.469 0.525 0.469 
20-22cm 0.528 0.499 0.513 17 - 19 cm 0.525 0.525 
22 - 24 cm 0.453 0.453 
24 - 26 cm 0.508 0.488 0.498 
26-28 cm 0.429 0.429 
28 -30 cm 1 	0.484 0.484 
NB Values are blank corrected 
XVIII 
Sediment Size Fractions 






Analysis I 	Replicate I 
%OC 
(dry wt.) 
0-1 <20 pm 0.567 0.567 
1.5-2 <20 pm 0.716 0.716 
26-26 <20 jim 0.234 0.234 
0-1 >20 pm 0.324 0.324 
1.5-2 >20 pm 0.310 0.310 
26-29 >20 pm 0.178 0.178 
Site A- cruise CDII3 
Sample Split %OC 	%OC %OC 
(cm) Size Analysis 1 	Replicate I (dry wt.) 
0-1 <20 pm 0.582 0.563 0.573 
0-1 >20 jim 0.250 0.250 
Site B- cruise CDIII 
Sample Split %OC 	%OC %OC 
(cm) Size Analysis I 	Replicate 1 j 	(dry wt.) 
0-1 <20 gm 0.626 0.626 
0-1 >20 pm 0.806 0.806 
Site B- cruise CDII3 
Sample Split %OC 	%OC % 
(cm) Size Analysis I 	Replicate I (dry wt.) 
0-1 <20 jim 0.648 0.648 
0-1 >20 pm 0.299 0.299 
Site C- cruise CDIII 
Sample Split %OC 	%OC %OC 
(cm) Size Analysis 1 	Replicate I (dry wt.) 
0-1 <20 pm 0.582 0.582 
0-1 >20 pm 0.352 0.352 






Analysis I 	Replicate 1 
%OC 
(dry wt.) 
FLUFF <20 pm 0.686 0.686 
0-1 <20 jim 0.688 0.688 
7-8 <20 pm 0.487 	0.505 0.496 
17-19 <20 pm 0.574 0.574 
FLUFF >20 pm 3.010 3.010 
0-1 >20 pm 0.703 0.703 
7-8 >20 pm 0.363 0.363 
17-19 >20 pm 0.366 0.366 
NB Values are blank corrected 
XIX 
Sediment Trap Samples 
Deployment No:XXII- Site A 








XXIII-A-1&2 31.08.97 243.5 14 5.800 
XXII-A-3&4 14.09.97 257.5 14 3.622 
)(Xll-A-5&6 28.09.97 271.5 28 2.851 
XXII-A-7&8 26.10.97 299.5 28 4.714 
XXII-A-9-13 1 	23.11.97 1 	327.51 981 3.326 
XXII-A-14-21 01.03.98 60.5 56 6.345 
close 1 	26.04.98 1 	116.5 
Sample 
Code 
Expected I 	%OC Measured %OC________ I  Analysis I Replicate I 
Combined Sample 1 4.42 1 	3.915 	3.682 	I 	3.798 








XXII-B-1&2 31.08.97 243.5 14 3.708 
XXII-B-3&4 14.09.97 257.5 14 2.360 
XXII-B-5&6 28.09.97 271.5 28 2.553 
XXII-B-7&8 26.10.97 299.5 28 2.211 
XXII-B-9-14 23.11.97 1 	327.51 1051 3.319 





Measured %OC______ J 
Analysis I Replicate I 	(dry wt.) 
Combined Sample 1 	2.81 2.157 	2.252 	j 	2 . 205 
NB Values are blank corrected 
Deployment No:XXI- Site B 








XXI-A-1&2 31.08.97 243.5 14 10.963 
XXI-A-3-5 14.09.97 257.5 28 10.636 
XXI-A-6 12.10.97 285.5 14 7.790 
XXI-A-7&8 26.10.97 299.5 28 6.736 
XXI-A-9-21 23.11.97 327.5 154 13.690 





Measured %OC  
Analysis I 	Replicate I 
Combined Sample 1 	9.50 8.802 6.889 	1 	7.845 








XXI-13-1-4 31.08.97 243.5 28 11.633 
XXI-B-5&6 28.09.97 271.5 28 7.497 
XXI-13-7-21 26.10.97 299.5 182 6.960 





Measured %OC  
Analysis 1 	Replicate I 
Combined Sample 1 	8.57 6.256 6.618 	1 	8.437 
NB Values are blank corrected 
Burrow Samples 
Sample Code %OC 	%OC 	%OC (dry wt.) 
Analysis 1 	Replicate 1 	(uncorrected) 
%OC (dry wt.) 
(salt corrected) 
CD111-C-1-F 1.480 1.480 1.487 
CD111-C-1-A 0.373 0.373 0.374 
CD13-13-7-G 0.908 	0.938 0.923 0.927 
CD13137A* 0.433 0.433 N/A 
CD1 1 3-C-8 F* 0.480 0.480 N/A 
CDI 13-C-8 -A 0.433 0.383 0.385 
CD113-C-9-F 0.678 0.678 0.681 
CD1 13-C-9 -A 0.438 0.438 0.440 
*denotes samples where no salt corrections were made 
NB Values are blank corrected 
Desorption Experiments 
Site 	Sample Sample %OC %OC %OC %OC 
(cm) Type Analysis I Replicate I Replicate 2 I 	(dry wt.) 
Untreated 0.374 0.374 
A-CD113 	0-0.5 cm 
Desorbed 0.238 0.291 0.265 
Untreated 0.667 0.683 0.675 
B-CD113 	0-0.5 ern 
Desorbed 0.169 0.339 0.408 0.306 
NB Values are blank corrected 
Typical Organic Carbon Blank Values 
Sample Type Sample Carbon 
Weight (.tg) counts 
acetanilide 32.6 134808 
boat blank 0 40855 
acetanilide 46.4 358219.5 
boat blank 0 18380 
boat blank 0 9920 
acetanilide 41.2 208149.5 
boat blank 0 9245 
NB: Blanks are presented along with the smallest acetanilide standards measured in the respective 
analytical run for comparison. 
xx' 
APPENDIX FIVE: Dissolved organic carbon (DOC) content of sediment 
porewater and of water used to "exhaustively" desorb organic matter sorbed 
to surface sediments 
Porewater DOC Sediment Sediment 
CDI 13- A Conc (i.tM) % oc POC (.M/g) 
0-2 cm 309.3 0.4325 360.1 
15 1040.1 0.3831 319.0 
Porewater DOC Sediment Sediment 
CDII3- B conc (RM) % OC POC (j.dVlIg) 
0.5 262.52 0.3915 326.0 
15 769.92 0.2315 192.7 
Porewater DOC Sediment Sediment 
CDIII - C conc (AM) % OC POC (j.&M/g) 
0-1 cm 439.5 0.6592 548.9 
1-2 cm 1177.2 0.5285 440.1 
2-4 cm 537.4 0.4886 406.8 
4-6 cm 3960.0 0.4822 401.5 
6-8 cm 361.5 0.5518 459.5 
14-16 cm 967.1 0.5277 439.4 
26-28 cm 1867.0 0.4435 369.3 
Porewater DOC Sediment Sediment 
CDI 13- C conc (M) % OC POC (iM/g) 
0-1 cm 343.8 0.6659 554.4 
1-2 cm 526.4 0.5695 474.2 
2-4 cm 259.4 0.5019 417.9 
4-6 cm 202.4 0.4460 371.4 
6-8 cm 203.4 0.4428 368.7 
10-12 cm 691.0 0.5043 419.9 
UV-treated 
seawater DOC conc (tiM) 
Replicate 1 155.69 
Replicate 2 211.82 
Replicate 3 299.00 
Replicate 4 130.76 
Average 199.32 
Desorbed Blank Sediment Sediment 
sediment DOC conc (IM corrected (uM) % OC POC (jiM/g) 
Site 	0-0.5 cm 571.7 372.3 0.265 220.3 
Site B 0-0.5 cm 858.8 659.5 0.306 254.4 
Note: A blank correction for the DOC concentration of the UV-treated seawater was necessary for 
analyses of the organic matter that could be desorbed from surface sediments. 
'CCII 
APPENDIX SIX: Stable carbon and nitrogen analyses conducted on selected 
sediment trap, bulk sediment,and size-fractionated smaplews and on the 




(site, cruise, depth) 
8 13C 
Anal. I 	Anal. 2 ave. Anal. I 
815N 
Anal. 2 ave. 
Sed. Tr. A, ave. 1000mab -23.272 -22.818 -23.045 3.781 4.096 3.9385 
Sed. Tr. ave. lOOmab -21.637 -21.637 4.536 4.536 
Bulk sed. A-Ill, 0-1 cm -20.748 -20.748 5.340 5.340 
Bulk sed. A-Ill, 7-8 cm -21.973 -21.973 4.127 4.127 
Bulk sed. A-Ill, 15-16 cm -22.295 -22.295 4.251 4.546 4.399 
Bulk sed. A -III, 26-28 cm -22.579 -22.579 4.943 4.943 
Bulk sed. A-113,0-I cm -21.731 -21.731 5.597 5.597 
Sed. Tr. 300mab -20.781 -20.781 4.969 4.969 
Sed. Tr. B, lOOmab -21.611 -21.611 4.998 4.998 
Bulk sed. B-Il1,0-I cm -21.620 -21.620 5.256 5.256 
Bulk sed. B-1I3,0-1 cm -18.753 -18.753 5.226 5.226 
C-113,fluff -19.312 -19.312 2.853 2.853 
Bulk sed. C-Ill, 0-1 cm -19.545 -19.545 5.595 5.595 
Bulk sed. C-ll1,7-8 ND ND 4.918 4.918 
Bulk sed. C-Ill, 10-11 -20.930 -20.930 ND ND 
Bulk sed. C-Ill,26-28 ND ND 4.345 4.345 
Bulk sed. C-1l3,0-1 -19.575 -19.575 5.360 5.360 
Bulk sed. C-1l3,7-8 -20.365 -20.365 4.109 4.109 
Bulk sed. C -113, 10-11 -20.086 -20.086 ND ND 
Bulk sed. C -113, 17-19 -19.935 -19.935 3.905 3.905 
Burrow C-Ill #1-F -23.093 -23.093 2.643 2.643 
Burrow C- III #1-A -22.186 -22.186 4.780 4.780 
Burrow B- 113 #8 -F -19.390 -19.390 3.819 3.819 
Burrow B- 113 #8 -A -19.430 -19.430 4.795 4.332 4.564 
Burrow B-113#7-G -18.983 -18.983 2.421 2.421 
Burrow B-I13#7-A -19.753 -19.753 4.050 4.050 
Burrow C-113#9-F -19.035 -19.035 4.951 4.951 
Burrow C-113#9-A -19.560 -19.560 3.815 3.815 
Size fr. A-Ill, 0-1 cm <20 gm -21.880 -21.880 5.008 5.238 5.123 
Size fr. A-Ill, 0-1 cm >20 gm -21.016 -21.016 ND ND 
Size fr. C -Ill, 0-1 cm <20 gm ND ND 5.507 5.434 5.471 
Size fr. C - Ill, 0-1 cm >20 pm ND ND 5.435 5.435 
Size fr. C -113, 0-1 cm <20 gm -21.740 -21.740 5.546 5.546 
Sizefr. C-113,0-1  cm >20 gm -21.490 -21.490 5.054 5.054 
Sample types are as follows: Sed. Trap- sediment trap, Bulk sed.- bulk sediment, Burrow- burrow sample and 
adjacent sediment (sample codes detailed in Table 6.4, and Size fr.- size fractioned sediment samples. 
ND: no data, not measured. 
XXIII 
APPENDIX SEVEN: Grain size distribution analyses of bulk sediments 
samples 
Bulk sediment grain size 
qi* A..,--.,i 	(flh1l 
Sample 
() 
Percentage in Fraction 







0-1 18.19 90.24 81.48 0.33 0 0 8.614 6.304 9.452 
0-1 3.78 21.96 4.09 45.87 24.05 160.4 164.7 211.7 
0-1 3.47 18.82 5.46 45.11 25.42 162.8 167.3 235.7 
1-1.5 5.92 29.58 6.90 40.96 16.26 124 98.21 211.7 
1-1.5 4.68 24.77 
W4936 
7.08 41.6 19.76 137 120.3 235.7 
1.5-2 4.51 22.23 5.03 46.02 22.24 152.8 158.6 235.7 
1.5-2 4.26 22.35 6.25 42.91 22.59 149 145.8 235.7 
15-16 17.25 60.7 6.47 14.67 10 64.45 10.01 5.53 
15-16 18.44 60.28 5.68 14.18 12.34 75.59 9.764 4.463 
26-28 32.86 96.72 1 	67.12 0.02 0 0 5.411 3.487 4.463 
26-28 27.42 86.75 1 65.9 4.15 2.53 0 10.26 4.504 4.463 
SiIA A. cruise CDII3 
Sample 
(cm) 
Percentage in Fraction 







0-1 17.37 89.86 82.38 0.25 0 0 8.613 6.159 9.452 
0-1 3.65 21.96 23.15 4.77 39.57 28.86 167.7 175.2 235.6 
1-1.5 5.5 28.29 29.05 5.59 35.51 24.35 146.7 137.8 235.6 
1.5-2 7.05 25.36 24.00 6.98 39.78 22.19 142.2 114.2 235.6 
1.5-2 6.14 22.83 21.53 6.23 43.3 22.8 148.6 133.5 235.6 
1.5-2 4.7 24.74 25.49 5.52 36.79 27.5 159.1 159.4 262.3 
14-16 31.49 89.89 62.70 1.65 4.16 11.51 3.954 4.463 
14-16 30.8 90.31 64.13 1.6 1 	3.47 0 1 	10.7 3.994 4.463 




Percentage in Fraction 




0-1 7.16 48.08 52.62 9.05 24.54 6.63 67.03 23.17 211.7 
0-1 10.77 84.72 88.49 0.74 0 0 10.39 7.662 9.452 
1-1.5 8.87 52.15 54.37 8.90 21.82 6.04 61.06 16.43 7.628 
3-4 12.29 57.99 57.35 8.12 17.07 5.17 51.39 10.56 5.53 
14-15 14.81 61.29 58.16 9.55 15.22 2.26 37.57 9.1 5.53 
Site Fl- cruise CDII3 
Sample 
(cm) 
Percentage In Fraction 







0.5-1 10.54 82.08 88.59 0.87 0 0 11.11 8.412 9.452 
0.5-1 5.3 40.83 47.99 10.2 28.38 8.13 77.89 32.89 211.7 
1-1.5 5.98 42.78 49.98 9.69 26.13 8.22 76.09 29.43 211.7 
3-4 7.48 48.6 52.83 10.24 23.93 5.52 61.83 22.31 7.628 
14-15 6.65 24.84 32.57 17.36 38.55 4.87 79.36 52.24 52.54 
14-15 18.52 78.33 75.36 6.12 0 0 11.5 5.964 5.53 
14-15 8.19 43.37 48.28 13.56 26.38 3.59 57.44 29.25 5254 
20-22 7.42 25.74 34.09 17.57 35.99 4.93 77.3 48.64 47.19 
20-22 7.83 26.1 32.92 16.36 34.02 8.87 91.84 50.66 1 	47.19 
20-22 11.59 54.67 57.24 11.47 16.7 3 43.58 13.86 1 34.22 
Site C. cruise CDIII 
Sample 
(cm) 
Percentage in Fraction 





0-1 14.77 91.24 84.63 0.6 0 0 8.957 7.056 10.52 
0-1 15.93 66.52 62.63 9.37 12.07 0 24.54 10.2 10.52 
0-1 18.45 73.23 64.26 5.91 7.32 4.06 36.74 7.064 7.628 
1.5-2 16.14 80.12 75.05 6.44 2.37 0 13.03 6.881 8.491 
6-7 12.07 76.31 76.3 5.37 6.26 0 18.68 9.76 11.71 
6-7 13.84 72.19 69.55 6.28 10.18 1 	0.15 24.19 9.831 11.71 
7-8 15.3 75 72.17 6.84 5.69 i 0 17.94 7.613 8.491 
17-19 13.38 64.63 61.99 6.69 10.75 7.19 57.46 9.812 8.491 
26-28 17.53 75.05 69.48 7.35 5.64 0 16.85 7.292 8.491 
Sih (.- ".d.. (fl1 1 
Percentage in Fraction 





14.07 84.41 79.85 3.94 2.14 0 12.25 7.663 10.52 
k6-7 
 
9.64 58.85 61.91 9.28 14.02 5.15 50.42 13.25 10.52 
 12.34 65.3 65.25 7.21 8.3 6.9 55 10.2 9.452 
12.52 67.98 66.17 6.63 13.18 1.5 32.29 10.83 11.71 
14.22 74.44 71.16 5.94 8.62 0.06 21.39 9.315 10.52 
7-8 16.22 72.24 67.53 7.97 8.28 0 20.9 7.718 7.628 
XXIV 
Summary of bulk sediment results 
Sif A 	 (flh11 
Sample 
(cm) 
Percentage in Fraction 







0-1 8.48 41.41 3.29 30.33 16.49 110.60 112.77 152.28 3 
1-1.5 5.30 28.42 6.99 41.28 18.01 130.50 109.26 223.70 2 
1.5-2 4.39 23.10 5.64 44.47 22.42 150.90 152.20 235.70 2 
15-16 17.85 50.49 6.08 14.43 11.17 70.02 9.89 5.00 2 
26-28 30.14 66.51 2.09 1.27 0.00 7.84 4.00 4.46 2 
Rita A rr,Ii 	(flh1 
Sample 
(cm) 
Percentage in Fraction 







0-1 10.51 52.77 2.51 19.79 14.43 88.16 90.68 122.53 2 
1-1.5 5.50 29.05 5.59 35.51 24.35 146.70 137.80 235.60 1 
1.5-2 5.96 23.67 6.24 39.96 24.16 149.97 135.70 244.50 3 
14-16 31.15 63.42 1.63 3.82 0.00 11.11 3.97 4.46 2 
26-28 33.64 65.17 1.13 0.06 0.00 5.93 1 	3.50 1 	4.46 1 	1 
Sith R 	 (fl1 11 
Sample 
(cm) 
Percentage In Fraction 







0-1 8.97 70.56 4.90 12.27 3.32 38.71 15.42 110.58 2 
1-1.5 8.87 54.37 8.90 21.82 6.04 61.06 16.43 7.63 - - 
3-4 12.29 57.35 8.12 17.07 5.17 51.39 10.56 5.53 - - 
14-15 14.81 58.16 9.55 15.22 2.26 37.57 9.10 1 	5.53 
Site R.. rmica (flh1 
Sample 
(cm) 
Percentage in Fraction 







0.5-1 7.92 68.29 5.54 14.19 4.07 44.50 20.65 110.58 2 
1-1.5 5.98 49.98 9.69 26.13 8.22 76.09 29.43 211.70 
3-4 7.48 52.83 10.24 23.93 5.52 61.83 22.31 7.63 - - 
14-15 11.12 52.07 12.35 21.64 2.82 49.43 29.15 36.87 - - 




Percentage in Fraction 







0-1 16.38 70.51 5.29 6.46 1.35 23.41 8.11 9.56 3 
1.5-2 16.14 75.05 6.44 2.37 0.00 13.03 6.88 8.49 1 
6-7 12.96 72.93 5.83 8.22 0.08 21.44 9.80 11.71 2 
7-8 15.30 72.17 6.84 5.69 0.00 17.94 7.61 8.49 1 - 
17-19 1 	13.38 61.99 6.69 10.75 7.19 57.46 9.81 8.49 1 
26-28 17.53 69.48 7.35 5.64 0.00 16.85 7.29 8.49 1 - 
Sit (.. riiisP Dh14 
Sample 
(cm) 
Percentage in Fraction 







0-1 11.86 70.88 6.61 8.08 2.58 31.34 10.46 10.52 2 
1.5-2 12.34 65.25 7.21 8.30 6.90 55.00 10.20 9.45 1 
6-7 13.37 68.67 6.29 10.90 0.78 26.84 10.07 11.12 2 
7-8 16.22 67.53 7.97 8.28 0.00 20.90 7.72 7.63 1 
17-19 15.09 58.80 6.42 11.37 8.32 63.66 9.43 5.53 1 
Fluff 1 	10.33 83.33 1 	5.21 1 	1.13 0.00 13.62 9.63 13.70 1 
xxv 
APPENDIX EIGHT: Mineral surface area measurements for bulk sediments, 
sediment size fractions and sediment trap samples made using the bet- 
method 
Bulk Sediment 
Sith A- cruise CDIII 
Sample 
(cm) 
Surface Area (mIg)  
Analysis I 	Replicate I 	Replicate 2 	Average 
0-0.5cm 13.93 14.37 14.17 13.93 
- 1.5 CM 15.09 15.09 
1.5-2cm 16.07 16.07 
15 - 16 cm 27.63 27.63 
26- 28 cm 1 	39.05 1 	39.05 
Site A- cruise CDII3 
Sample 
(cm) 
Surface Area (mIg)  
Analysis I 	Replicate I 	Replicate 2 	Average 
0-0.5cm 14.19 14.37 
- 1.5 CM 18.25 18.25 
1.5-2 cm 18.51 18.51 
15 - 16 cm 42.64 42.64 
26-28 cm 47.48 47.48 
Site B- cruise CDIII 
Sample Surface Area (mIg)  
(cm) Analysis I 	Replicate I 	Replicate 2 	F 	Average 
0 -0.5 cm 11.56 11.56 
- 1.5 cm 12.28 12.28 
3-4cm 14.42 14.42 
14-15cm 13.64 13.64 
Site B- cruise CDII3 
Sample 
(cm) 
Surface Area (m2/g)  
Analysis I 	Replicate I 	Replicate 2 	Average 
0-0.5 cm 10.88 10.88 
1-1.5cm 11.70 	11.94 11.70 
3-4cm 14.83 14.83 
14-15cm 13.43 13.43 
20-22cm 13.68 13.68 
Site C- cruise CDIII 
Sample 
(cm) 
Surface Area (m2Ig)  
Analysis I 	Replicate I 	Replicate 2 	Average 
0-0.5cm 24.14 24.14 
1.5-2 cm 23.92 23.92 
7 - 8 c 26.04 26.04 
18 cm 25.76 	25.90 	24.40 25.35 
26- 28 cm 1 	25.69 1 	25.69 
Site C- cruise CDII3 
Sample 
(cm) 
Surface Area (mIg)  
Analysis I 	Replicate I 	Replicate 2 	I 	Average 
FLUFF 31.07 31.07 
0 - 0.5 cm 25.76 25.76 
1.5-2 cm 26.81 26.81 
7 - 8 	c 33.03 33.03 
19 cm 1 	26.71 	25.39 26.05 
)O(VI 
Sediment Size Fractions 
Site A. cruise CDIII 
Sample 	Split 
(cm) 	Size 
Surface Area (m2/g) 
Analysis 1 	Replicate I 	I 	Average 
0-1 <20 pm 23.74 23.74 
1.5-2 	<20 pm 25.24 25.24 
26-28 	<20 pm 58.00 58.00 
0-1 	>20 pm 8.85 8.85 
1.5-2 	>20 pm 14.32 14.32 
26-29 	>20 pm 15.49 15.49 
Sit A- trijlsp CDII3 
Sample 	Split 
(cm) 	Size 
Surface Area (m2Ig) 
Analysis 1 	Replicate I 	I 	Average 
0-1 <20 pm 26.02 	 I 26.02 
0-1 	>20 pm 8.08 	 8.08 
Rita R.rriiIsp CDIII 
Sample 	Split 
(cm) 	Size 
Surface Area (m2/g) 
Analysis 1 	Replicate I 	I Average 
0-1 <20 pm 21.01 21.01 
0-1 	>20 pm 9.30 9.30 
Site B- cruise CDII3 
Sample 	Split 
(cm) 	Size 
Surface Area (m2/g) 
Analysis I 	Replicate I 	F 	 Average 
0-1 <20 pm 11.95 	 18.87 
0-1 	>20 pm 18.87 11.95 
Site C- cruise CDIII 
Sample 	Split 
(cm) 	Size 
Surface Area (m2Ig) 
Analysis I 	Replicate I 	Average 
0-1 <20 pm 29.01 	 29.01 
0-1 	>20 pm 12.67 	 12.67 
Site C- cruise CDII3 
Sample 	Split 
(cm) 	Size 
Surface Area (m2Ig) 
Analysis I 	Replicate I 	Average 
FLUFF 	<20 pm 23.28 23.28 
0-1 <20 pm 24.68 24.68 
7-8 	<20 pm 33.28 33.28 
17-19 	<20 pm 33.20 33.20 
FLUFF 	>20 pm 17.40 17.40 
0-1 	>20 pm 10.24 10.24 
7-8 >20 pm 8.60 	8.55 8.57 
17-19 	>20 pm 9.23 9.23 
XXVII 
Sediment Trap Samples 
Deployment No:XXII- Site A 















XXII-A-3&4 14.09.97 257. 14 
XXII-A-5&6 28.09.97 271. 28 
XXll-A-7&8 26.10.97 299.5 28 
XXII-A-9-13 23.11.97 327. 98 
XXII-A-14-21 01.03.98 60. 56 
close 26.04.98 116.5 
Sample 
Code 
Expected I Surface Area 
Combined Sample 1 	17.60 







XXII-B-1&2 31.08.97  14 26.50 
XXII-B-3&4 14.09.97  
5327. 5 . 
14 17.10 
XXII-B-5&6 28.09.97  28 29.08 
XXII-B-7&8 26.10.97  28 29.84 
XXII-B-9-14 23 .11.97 105 24.08 
close 8.3.97 67.5 
Sample 
Code 
Expected I  Surface Area 
Combined Sample I 25.72 
Deployment No:XXI- Site B 









XXI-A-1&2 31.08.97 243.5 14 16.49 
XXI-A-3-5 14.09.97 257.5 28 20.98 
XXI-A-6 12.10.97 285.5 14 11.28 
XXI-A-7&8 26.10.97 299.5 28 9.92 
XXI-A-9-21 23.11.97 327.5 154 5.39 
close 26.04.98 116.5 
Sample 
Code 
Expected I Surface Area 
Combined Sample 1 	13.48 









XXI-13-1-4 31.08.97 243.5 28 11.20 
XXI-B-5&6 28.09.97 271.5 28 12.30 
XXI-13-7-21 26.10.97 299.5 182 9.91 
close 26.04.98 116.5 
Sample 
Code 
Expected I Surface Area 
Combined Sample 1 	11.30 
XXVIII 
APPENDIX NINE: Amino acid analyses conducted on bulk sediments, sediment size fractions,sediment trap, desorbed sediment 
and burrow samples 
Sediment Trap Samples 
Upper Trap: 1000 metres above bottom  
Sample 
Code 
ASP 	GLU 	SER 







ARG 	ALA  
(.gIg) (jtqfq) 	J 
GABA 







ILE 	LEUL 	ORN 





Combined  Sample 1991.7 	1737.9 	1 	1195.3 1 	202.1 1 	2050.0 1 	1042.9 1035.4 	1 	1297.1 1 	241.2 	1 	281.3 73.4 298.1 1 	791.7 1 	731.1 518.5 	1124.8 59.6 765.6 15517.5 
! Lower Trap: 100 metres above bottom  
Sample 
Code 
ASP 	GLU 	SER 









BALA 	1YR 	GABA 










Combined Sample 1450.7 	1356.0 	840.6 135.9 1317.6 728.0 714.7 	509.9 146.6 	169.7 	32.8 284.6 610.9 647.0 415.3 	862.9 34.7 618.4 	J 
DeploymentNo:XXI-SiteB1 
Upper Trap: 300 iretres above bottom  
! Sam  GLU SER 	HIS 	GLY 	THR A BAI.. IYR 	GABA MET 	VAL PHE kE 	LEU ORN LYS THAA 
Code (sglq) 	(pg/g) JL JL JL (,tgIg) [ 	 (jg/q) 	(jtg/q) (pg/q) (igIq) (jeq/q) (p.glg) (jeglq) J8 (flg/q) 	(iq/g) (sg/g) (flg/g) (g/g) 
Combined Sample 5509.4 	I 	4715.9 1968.7 	292.6 	2449.2 	2054.1 6256.8 2354.1 141.1 576.1 	31.0 757.8 	1966.9 l7l3.9 1427.3 	2477.2 189.3 3049.4 29929.8 
Lower Trap: 100 metres above bottom  
Sample 
Code 
ASP 	I 	GLU 
(jegfg) (sg/q) 
SER 	1 	HIS 	GLY 	: 	 THR 



















Combined Sample 5576.9 	4616.0 2386.9 4173 	2796.5 	2623.9 4587.2 2517.2 269.7 615.3 	35.1 504.3 	2099.0 1866.2J 1515.7 	. 	 2746.7 164,9 2721.6 383993 
Abbreviations are as follows: 
Individual amino acids: 
ASP: aspartic acid, GLU: glutamic acid, SER: serine, HIS: histidine, GLY: glycine, THR: threonine, ARG: arginine, ALA: alanine, BALA: -alathne, TYR: tyrosine, 
GABA: y-amino butyric acid, MET: methionine, VAL: valine, PHE: phenylalamne, ILE: isoleucine, LEU: leucine, ORN: omithine, LYS: lysine 
and 
THAA: total hydrolysable amino acid weight yield per gram of sediment (dry weight). 
XXIX 
Bulk Sediment Samples 
Site A- cruise CD11I  
Sample ASP GLU SER HIS 	j GLY THR ARG ALA BALA 1YR GABA 	MET 	VAL 	PHE 	J. ILE LEU ORN 	j LYS THAA 
(cm) -J--) (q/g) (tg/g) (iq/q) I J9g)J (;ig/q) jtq/g) (pg/g) (pq/q (tg/g) (jLglq) g/g) (1!LgIq) Jy g/g) (g/q) 
0-0.5 135.21 90.62 92.97 9.72 122.561 74.751 76.37 86.741 10.81 11.34 3.60 	13.66;. 	70.111 	35.40 33.83 50.001 12.09 41.411 979.40 
0.5-1 151.42 101.16 84.87 6.50 124.11 74.25 76.58 83.79 1 11.371 941 k 3.28 13.601 	67.191 32.9 30. 45.92 11.18 43.13 971.57 
115 14633 10136 6489 84 11779 7040 6835 8038t 10171 8721 361 	25 . 01 1 6436 1 	34.17 30 4784 1238 4156 95597 
1.5-2 148.63 94.60 103.05 9.90 114.22 67.86 65.09 83.23; 9.971 12.57 3.97 15.87 	 37 28.52 45.63 25.24 40.27 963.00 
2-2.5 146.53 85.10 71.37 5.52 93.26 64.2F62.911 69.011 9.53j 7.37 --- "-3.821 	13.191 	57.201 	26.29 25.06 37.94 11.65 34.79 824.98 
2.5-3 151.04 82.72 86.74 5.7 87.5 62.25 53.95 68.4[ Qj 8.92 3.68 12.741 58.531 	24.38 23.99 33.74 22.63 31,71 827.35 
3-4 180.01 73.41 47.30 3.45 55.64 69.55 57.93 56.001 0.351 4.16 4.06 	0.001 	42.16 20.58 16.37 26.22 8.07 23.89 697.36 
7-8 124.79 53.07 38.49 0.00 45.96 47.69 44.501 41.02[ 6.001 000 3.66 0.001 29.71 	12.25 9.97 17.75 12.07 16.861 504.58 
10-11 123.66 51.01 41.83 5.60 65.30 46.79 15.95, 66.84 16.631. 737 4.99 	0.001 	33.81 13.21 11.37 18.81 7.661 14.781 545.80 
F-  88.68 34.45 24.98 31 44.88 30.70 15 38f44.70 15.451. 336 5.59 o.00l 28.031 	5.76 7.11 12.45 6.55 12.08 383.37 
26-28 37.31 22.63 21.21 2 . 13 25.971 17.571 6.791 27.731 10.841 2.36 5.39 - 0.00! 	22.29 3.22 2.82 6.90 9.701 8.231 233.10 
Site A- cruise CDll3  
I Sample ASP I 	GLU I 	SER I 	HIS j 	GLY THR ARG I 	ALA BALA I 	1YR GABA 	MET 	VAL 	PHE ILE 	.L LEU I 	ORN LYS THAA 
(cm) Iji gig) gig) jigiq) Aqlq i (jLgiq) Jq JL)_ 	pgig) 	(,gig) Jii I kq/q) pg/q) 
0-0.5 172.00 105.351 85.11 8.j 111.69 74.04! 72.841 80.15- 9.471 9.861 4.081 25.761 68.81q; 	34.58 31.00 47.10 13.35 44.28 998.13 
0.5-1 200.92 105.09 61.17 7.T 98.31 75.48L4L73.89I8.51j9.5OL,.,5.281 1.9672.08j 32.48 29.60 42.25 12.09 44.8 977.81 





















..4.!._14.50; 67.28 1 29.56 









































2.60 	4.281 0.001 34.91! 13.54 
256 429 	000 	3040 	3195 
465 1 	641 1 0 . 00i 3966 i 1184 11.25 1092 9 . 61 1 18.54 1472 15 . 741 9.43 1649 634 16.76 1224 1378 494.65 50524 46422 
14-16 
103 . 67 1 
40.04 
43 . 22 1  
22.54 14.69 	0.00 	25.90 	1a9942224L17.3.. 2.41 	6.70 	7.35898 ._.....JQ 223.73 
26-28 29.28 18.31 18.67 2.10 26.00 9.98; 13.70 	8.00 	2.261 	2.681 	0,001 	18.591 	2.87 	2.28 6.1917.60 	7.65 187.12 
NB Pale highlighted values denote the averages of sample replicates. 
SiteB- cruiseCDlll  _~PHE IILE  (cm) ASP (p.glq) GLUJSER (g/g) 	I HIS (pg/q) (igfq) Jqg)J GLYJTHR (ig/q) ARG (rzgfg) ALA 	BALA (tg/q) 	(p.g/q) TYR (pg/g) GABA (pg/g) MET (pg/g) VAL (JLg/g) 	jf9 (tg/g) LEU (ig/q) ORN J LYS (g/g) THAA (pq/g) 0-0.5 288.73 178.521 122.271 19.50 193.12 138.161 155.901 137.14, 12.18 13.19 4.071 34.22 114.121 64.85 60.761 86.52 7.481 120.88 1751.62 0.5-1 267.54 141.141 100.39!. 16.11 154-64 119.83 21.521 113.59' 11.40 6.88 2.68 21.84 96.191 48.72 45.94 63.01 8.58 78.32 1418.31 1-1.5 248.35 133.95 93.911 13.73 153.0 108.52 118.64 106.971 	10 .91 733 4.02 19.97 90.00 1 45.2 42.07 59.09 5.19 62.48 1323.47 1.5-2 250.48 121.94 68.06! 11.56 135.7 96.43 102.49 95.37; 10.1 5.32 2.29 17.19 79.01! 39.1 36.39 50.37 7.29 66.72 1215.89 2-3 233.35 88.89 76.8311 	8.46 109.75 94.38 71.36 79.731 	17.04 4.95 1.41 28.54 52.041 	24.83 20.62 37.65 12.64 36.87 999.36 3-4 298.31 7.79 124.83! 11.26 150.43 123.18 28.03 122.381 27.35 7.32 4.17 0.00 63.45- 32.04 26.50 47.70 28.54 44.79 1148.07 7-6 275.90 118.31 85.461 23.74 133.46 114.01 22.83 92.06 2 22.07 19.71 4.59 0.00 81.171 38.99 33.94 53.35 16.01 57.68 1193.30 10-11 269.33 97.24 62.23 1 14.15 103.6 93.65 12.80 98.651 15.8 13.56 3.48 0.0 65.29! 29.1 26.41 39.39 10.76 41.09 996.72 14-15 322.02 98.29 132.321 15.25 136.22 109.73 18.04 121.561 19.4 174 2.90 0.00 23.991 39.68 42.59 41.04 1227.79 
Site B- cruise CDII]  Sam le ASP GLU SER 	HIS GLY 	j THR ARG ALA 	i BALA TYR GABA MET VAL 	PHEJILE_J LEU ORN 	j LYS THAA 
(cm) (pg/q) g/g) (fg/q) pg/g) J ig/q) (A 	q) I j99) 	IL!. (,ig'g) (W) _(8Y) Lag/q) Lag/q) -99U (jiqlq) (Wi) 0-0.5 1 	266.801 263.04 187.321 26.58 321.1.11 161.02 250.64 _19599! 18.19 18.19 4.91 _59.72 147.231102.72 92.02 148.93 6.3i 176.69 2447.43 0.5-1 236.63 188.65  127.75 1 	18.67 210.3d{ 117.01 157.30 130.291.13.39 10.90 4.29 _33.48 103.57164.04 57.34 89.46 8.60 102.83 1674.38 1-1.5 199.79 151.15 110.38! 13.42 185.22 102.51 132.55 115.52113.31 6.67 2.19 21.48 86.63 1 47.89 44.32 
_ 
63 .49 6.30 _ _ 83.98 1388.79 1.5-2 214.42 143.41 111.36! 9.81 170.25 94.61 
_ _ 124.73 _ 112.141. 12.32 _ 
_ _ 6.84 1.77 17.98 
_ _ 33.29' 52.29 
_ _ 60.38 _ _ 4.13 _ 5.08 _ _ _ 82.02 1266,83 2-3 237.19 142.58 112.22! 12.36 164.97 _ _ 97.72 _ _ 131.04 _ 110.441.12.15 _ _ _ 7.23 1.90 _ _ 17.37 _ _ 87.97_45.79 
_ _ 42.62 _ 59.06 _ _ _5.37 _ 91.12 _ 1379.12 2-3 2-3 3-4 . 	 247.17 242.18 347.33 131.33 136.96 124.351 
	
111.70 1 43.04 111.96 27.70 134.42 	20.851 146.68 155.83 157.16 
_ 105.16 101.44 129.08 
_ 106.42 118.73 28.81 98.33! 	16.75 104.38 14.45 144.531 N.591 
_ 8.89 8.06 10.98 2.53 2.21 4.16 
_ 20.74 19.05 0.00 
_ 61.32! 	39.17 74.65 42.48 65.48! 33.36 
_ 30.03 36.33 26.49 56.85 57.96 48.57 23.38 14.38 22.65 56.05 73.59 52.04 1305.54 1342.33 1374,85 7-8 345.68 128.22 98.62!24.98 135.58 129.88 21.49 136.141,21.77 17.45 	4.37 0.00 77.511_40.96 35.7663.7212.0054.75 1338.88 10-11 __ _ _
___ 
292.10 105.00 	73. 	6.10 107.53 99.05 17.87 107.64! 17.90 16.87 3.51 0.00 64.94! 31.7427.0341.8411.5339.85 1074.34 14-15 _ _
___ _ _ _ _  322. 09 93.33 82.37!11.51 115.6395.75 20 .76 	106.53 	18.06 17.14 3.48 0.00_53.841 24.55_20.39_33.6821.59_35.48 1076.19 20-22 __ _ 326.58_84.66_98.40!11.81 116.61 _ 80.12_ 17.60 84.641. 18.53_ 15.08 3.57 0.00_45.51!19.48_15.47_ 27.30_28.00_ 28.32 _1021.69 
NB Pale highlighted values denote the averages of sample replicates. 
SiteC- cruiseCDlll 
Sample 	ASP 	GLU 	SER 	HIS 	I 	GLY 	THR 	ARG 	ALA 	BALA 	TYR 	I GABA 	MET 	VAL 	PHE 	ILE 	LEO ORN 	LYS THAA 
(cm) (g/g) (pq/g) (pg/g) 	(g/g) (Lq/g) (,zg/q) (pqlg) 	(pg/g) 	(pg/q) (g/g) g/q) 	(zgfg) 	(q/g) (pglg) 	(jtg/g) 	(,iqlq) (g/g) 	(g/g) (ftglq) 
0-0.5 	188.18 	156.59 	114.73 5.11 	217.57 	104.01 	213.07 	131.27 28.30 	10.12 	15.18 54.501 	110.231 	59.83 58.65 	122.18 12.54 	101.45 1703.49 
	
0-0.5 248.701 	188.34 	116.971 	5.801 	207.38 	109.331 	223.281 	139.231 	26.151 11.261 19.821 	63.221 	119.51 64.06 	61 . 551 	117.911 
0-0.6 	218.44 	172.47 	116.85 6.46 	212.47 	106.67 	218.17 	135.26 27.22 	10.69 	17.50 63.86 	114.87 	61.94 60.10 	120.04 







1-1.5 1 209.041 	1153.241 123.401 12.601 197.441 103.871 131.851 130.561 21.901 12.101 4.891 	28.93 	109.911 	47.441 46.991 71.321 20.53 93.02 1619.01 
1-175 	T 198.101 	145.531 	98.051 	2.421 	183.471 	94.571 	217.171 	127.381 	27.251 	5.311 	16.471 	64.581 	115.821 	56.991 	55.221 	112.861 	9.77 	96.91 
1-1.5 203.57 	149.38 	110.72 7.51 190.45 99.22 	174.51 128.97 24.58 8.70 10.68 46.76 112.86 52.21 51.11 92.09 15.15 94.97 
1.5-2 	1 182.011 	130.721 	102.821 	9.521 	172.871 	91.541 	118.4L 	116.98 	21.351 	 27.281 	99.891 	41.13 	41.81 	66.28[_,20.8J 	103.85 
1.5-2 177.97 	134.04 89.62 1.71 160.44 80.331 186.011 	106.30 23.821 3.891 	16.531 	48.391 	95.531 42.40 41.141 	86.801 	6.881 70.47 
1.5-2 	179.99 	132.38 	96.22 	5.62 	166.65 	85.93 	152.23 	111.64 	22.59 	5.50 10.95 37.84 97.71 	4177 	41.51 76.54 13.87 	87.16 









































6.331 	0.001 59.181 24.801 
8.33 0.00 	71.35 	28.46 
















10-11 401.011 	178.46 171.711 46.22 229.03 204.80 0.00 0.00 41.32 54.02 111.63, 0.001 	134.69 	70.73 63.251 95.681 28.63 104.94 1836.43 
16-18 	230.671 	103.94 74.381 7.47 122.20 102.75 22.221 104.47 23.65 21.95 9.38! 	0.001 78.321 36.371 29.911 52.881 17.011 57.921 1095.39 
26-28 223.831 	101.42 66.121 7.55 126.00 98.60 25.581-131.021 24.211 24.44 10.851 0.00 	79.64 	36.rr)l 30.131 51.261 22.161 57.291 1116.11 
Site C- cruiseCD113  
Sample ASP GLU SER HIS GLY THR 	J ARG ALA BALA I 	1YR GABA 	MET 	VAL 	PHE lIE LEO 011N LYS THAA 
(cm) I 	(,Lgfg) J1)J (pq/q) (g/g) (,ig/q) -(A CJ/g) 1 ii') (p gIg) I 	(,LgIg) I (pq/g) MWJL (pq/g) 	(pg/q) Lag/q) J._(pg/q) I 	(pq/q) I 	(pglg) (pqlq) 
Fluff 1 340.281 312.12 143.71 20.28 190.86 148.21 408.04 
_ 
_78.86 6.42 100.44 1.31 	75.95 1 	108 . 72 1 	91.81 66.05 133.76 34.77 128.66 2390.27 




25.77 22.281 	103.781 	163.141 97.28 92.74 168.07 15.92 170.20 2468.05 






































19.601 57.471 	107.681 56.171 
18.72 	82.06 	135.22 	75.41 
















1.5-2 182.88 132.72 101.96 8.60 172.12 82.27 119.73 116.18 18.57 8.31 3.481 18.401 	90.301 	38.76 40.23 59.421 32.95 107.41 1334.30 
2-2.5 167.27 114.08 98.02 8.59 153.67 78.06 108.29 104.05 15.72 7.99 3.311, 	14.891 77.18 32.79 33.35 60.1 37.82 96.17 1199.41 
2.5-3 170.98 113.63 86.41 2.72 157.97 82.50 103.87 88.33 30.71 8.32 11.621 	23.411 	45.281 	28.47 20.28 48.19 15.45 48.79 1088.94 
3-4 228.23 116.69 71.07 6.20 88.50 106.12 31.01 92.55 19.44 11.22 7.671. 0.001, 75.331 	32.64 30.42 52.73 17.89 66.56 1054.27 
7-8 18944 9144 6169 350 10972 8299 11792 _7380 2246 _790 963_000_60021_1910 2145 4624 22844884 98898 
10-11 230.45 97.51 
_ 
91.64 18.53 137.07 116.43 200.15 69.72 31.95 _20.23 10.44!0.00188.92_33.02 29.30 
_ 
_44.15 18.36 _49.72 1287.49 
17-19 258.99 _108.52 
_ 
_72.42 8.15 95.66 110.64 23.03 
_ 
_129.00 _16.16 _23.00 7.7410.00180.14_37.32 30.86 _49.92 17.95 _60.94 1130.44 
NB Pale highlighted values denote the averages of sample replicates. 
Sediment Size Fractions 
Site A. cruise CDlll 	. -r 
LPJ! ASP 
Se 	(pig 
L Ji 	- 
Jfj 
--- 	- -. 
L iL JL i9L J9L inL 	 L iL JL 
YL 	_!iL 
	
!P 	° 	LYS 	THM 
iL1 	iL JnL JL 
0-1 
1.5-2 
<20 pm 1 	288.5 140.5 
<2oprn T18.3 	115.7 
105.8 	8.4 	1331 	125.6 32.2 	141.1 	34.6 	6.6 	71 25.6 	82A 	425 	36.5 57.5 23.9 	695 	1361.8 
48.1 	26.2 53.0 	1188.8 97.2 5.5 115.1 102.9 99.2 75.5 21.3 8.5 6.6 99.4 62.0 32.8 28.5 
26-26 <20 pm 	56.9 25.0 24.5 	2.2 	21.5 	18.9 24.6 	10 	10.O_ 	1.7 	3.1 713 	2E6 	3.1 	9 7.1 122 	10.9 	- 	336.5 
pm i 	230 
-aO Am 	430 240 
220 13 328 126 
23.2 	18 	271 	J8 
180 180 121 1 3 34 	339 154 26 26 
213J1101 	32 62.6 	21.029 	3 .2 
75 	90 92 	2599 
_
0-1 	>20 pm 	176.3 	13T9 
1.6-2 	>2Opm 	99.8 77.9 




133 O !L4L 
8.2 	135.7 	51.2 	1 
0.8 123 _1 
39.3 




39.3 9.3 	4.2 




_4 	- .2L. 
25.0 20.6 	12.2 









Site A. rrulse 	 D113 t 
ASP 	1 	GLU ] I& - 	 & L L 	L J LEU 	.9 L  THAA M(EPMAS Ize  J j J j9gJ 	J j g) i891 L iL L 	q/q) 	q/ql JnL 1L JL 1 JL 
0-1 	1 <20 pm 1 	258.2 	1 	143.0 103.3 10.7 450 	1138 310 12T4 32.1 	53 	1.9 771 88.7 442 33 68.5 	24.4 58.7 13662 
5 I 34.9 221 6 
Site 8-rr4seCC111 l I 










[ 	.J 	GABA 










0-1 	 3345 	1851 1120 10.4 	173.9 	1391 1126 1229 28.9 19.2 	8.1 28.4 972 	55.9 472 79.9 	12.1 64.6 1636.4 
3223 8.6 3 4.2 ES 9 881 21.9 1 	541 
Site B- cruise CD113 
Samplel 	Split 1 	ASP 	i 	GLU SER L. 	THR G ALA ! .i 	BA !L L 	PHE 	J 	J URN THAA 
J 	Size 	J J 1t i 	J!nL J (Aq/ i 1L i J iL J LL JL I JL i 
2128 	198.7 1 	173.9 14.9 	1 	2362 	1 	145.7 1 	123.0 1 	149.5 1 	261 	223 32.3 1 	83.1 10M 6 
 1 8 .6 1 	77.2 1 	8.1 99.9 37.0 I 	99 
Site C. cruise CD1II 
Samplel iSplit 	1II 	..ciiL ... .J .c !ALA . 1YR 	GABA MET VAL 	PHE 	lIE LEU 	OP.N LYS THAA 
JoL Se 	JnL J At JI JL J JAYL J1 AL JL JABBL JL1 L JL JL JL J9BI L J 
0-1 <20 pm 	331.1 	2061 158.6 lao 	198.4 	1 	178.91210.0 1618 351 	1 	10.9 	10.4 71.2 124.0 	17116 	6117 1 	
60.4 456 31.8 
lotS 	33.3 j 2106.1 
0-1 <20 iIiT 150.2 118.7 6.9 194.2 	111.1 I.iii. 123.3 36.5 13.9 11.6 58.1 78.8 17.5 72.7 1407.8 
0-1 
0-1 




29.6 	251.4 	132.1 





39.9 	16.4 	1 2.9 	28.1 	1 	88.1 	68.7 	1 	56.0 	1 	107.9 	1 	17.3 	1 	94.5 
35.3 1j_ 2.6 51.8 61.9 47.5 95.4 22.7 99.4 ..93 .8 
1777.1 
1783.7 
>20 ym 1 	2024 	i 	106 1 	113.5 1 	11 .7 10 6 1 	10 33.9k 	69 	521 	409 	1 	77.9 1 	14.9 1801 1 ,4038 
Site C. cruise C0113 1 
Samplel Split 	1 	ASP 	GLU SER HIS 	GLY 	THR ARG ALA BALA 	Tt'R 	GABA MET 	VAL 	PHE 	iI.E 	LEU URN LYS THAA 
J59 Se j9) j 9L1 IJL JL JL JL F JL JL JL JL iA JABL J2 
FLUFF <20 pm 	332.7 	251.5 131.6 21.2 	145.2 	160.9 196 193.9 20.6 	40.7 	5.5 69.7 	126.4 	94.9 	85.2 	129.0 14.8 188.1 1936.4 
0 <20 pm 	2676 	100.6 1401 33 247l 	101.3 1366 138.9 219 	519 79 32.4 &6 	639 	524 	1325 20.8 188.0 1836.9 
7-8 	<20 pm 	1801 869 
<2Opm 	139.3 	104.5 
7-6 	<- 20 pm 	159.7 95.6 
1719 ]<20pm 	2143 FMA 
17-19 	I <2Opm 	188.9 	137.2 
1749 	<20 jun 	205.6 	126.6 
501 	09 	68.0 641 
65.7 3.5 -- - 	45.7 	69.2124.6 
57.9 	2.2 	1,54 	76.9 
723 49 1068 	1065 
189.3 	11.3 	, 205.8 	104.8 






[741 	1 	22.5 27 	69 	451 	67.4 189 28.3 421 	179 	69.5 
73.2 36.5 	6.7 11.0 34.0 40.9 	8.0 	15,1 	46.3 14.2 47.9 
73.626.58.2 	6.9 	, 39.9 	54.1 13.3 20.2 44.2 	16.0 	54.2 
951 	221 	235 69 576 871 	421 	401 	590 265 745 
128.2 	56.8 	- 507 	, 	15.8 	41.6 	56.5 42.1 27.7 77.4 	54.1 	70.1 







FLUFF >20 Am 	19829 	1120.3 73118 1430 	9200 	640.7 10529 7821 65.0 	4072 	20.3 4 5179 	4423 	3259 6431 62.7 772.9 9884.6 
0.1_ >20 Am 	350.7 	237.5 161.7 30.2 	166.9 	177.7 165.7 148.4 18.4 45.0 4.2 69.2 
B-1- 
129.3 	79.4 74.0 104.5 32.3 124.4 2119.6 
1 7-19 
 >2Opm 	472 779 521 56 620 599 492 481 69 	21 	1.7 9 399 179 	212 31.3 14.2 36.0 675.8 
>20pm 	106.4 629 76176.5 539 	 269332 0 A 
NB Pale highlighted values denote the averages of sample replicates. 
XXXIII 
Burrows Sample Set 
Sample ASP GLU SER HIS GLY I THR ARG ALA I BALA 1YR GABA I MET 	I VAL 	I PHE lIE LEU ORN LYS THAA 
code (pg/g) (jiglg) La g/q) Gig/g) Lag/q) 1 (99/9) (jigig) (jLglg) 	I (,tg/g) (jiglg) (igIg) I 	(glq) 	I (pg/g) I (jg/g) (ig/g) (jtg/g) (jiglg) (jigig) (pg/g) 
CD111-C-1-F 227.44 160.35 168.56 3.02 323.29 157.06 165.04 160.35 50.46 40.14 10.37 41.79 90.48 62.04 44.29 99.17 23.35 109.59 1952.76 
CDI11-C-1-A 107.40 01.72 61.22 2.90 175.63 69.94 94.57 75.41 35.87 25.95 12.81 22.61 1 	41.05 26.58 18.13 45.28 15.05 41.98 956.30 
CD13-8-7- C 635.07 582.62 492.00 70.49 623.95 472.07 1 410.90 464.47 1 	60.87 193.61 23.57 149.90 268.10 237.84 180.13 346.06 39.79 353.01 5605.41 
CD13B7A* 184.66 96.50 63.16 1.25 1 149.06 64.31 74.62 84.82 22.27 13.02 5.27 12.98 50.13 31.48 22.94 48.61 8.33 41.09 990.49 
CD113C8F* 210.05 109.20 00.43 2.72 1 174.99 105.55 14095 102.31 26.93 21.41 7.61 36.42 63.66 36.04 25.83 52.46 17.11 61.60 1275.26 
CD113-C-8-A 128.18 104.86 79.29 11.50 224.20 62.83 118.28 86.95 47.95 35.65 1 	18.23 15.50 49.86 36.06 23.76 57.12 21.40 52.68 1194.40 
CD113-C-9 -F 202.15 151.48 124.33 4.40 270.58 141.96 159.12 142.13 44.97 1 	39.52 16.23 26.04 84.38 58.68 39.79 89.89 18.18 91.59 1707.43 
C0113-C-9-A 173.31 138.33 93.19 2.43 291.12 121.72 158.34 124.99 56.19 1 	38.21 18.52 31.54 67.70 1 	50.43 1 	30.80 79.58 19.27 72.26 1667.94 
*deno tes samples where no salt corrections were made  
Desorption Experiments 
Site Sample Sample ASP GLU SERF HIS GLY TIIR ARG ALA BALA 1R GATMETL PHE ILE LEU ORN LYS TH&4 
(cm) Type (p gig) (jsgIg) (A'2  gig) (p gig) (p gig) 
. 
(p gIg) (pg/g) (pg/g) I  (p gIg) I (pg/g) I  (pg/g)  I  (p g/g) I (pg/g) (pgig) I (ag/g)  I 	(pg/g) 	I (p g/g) (p gig) (pglg) 














































































Amino Acid Blanks 
Sample ASP I 	GUI I 	SER I 	HIS I 	GLY THR I ARG 	ALA BALA I  TYR 	1 GABA I 	MET I 	VAL PHE lIE LEU URN LYS TFIAA 
(cm) Inmoleslnmolesinmoleslnmoleslnmoles nmoles nmoles nmoles nmoles nmoIe' nmoles nmoles nmoles nmoles nmoles nmoles nmbles nmoles nmoles 
Blank 3.3 [ 	 0.6 12.7 0.3 89 2.4 0.0 	3.0 1.5 0.7 	0.0 0.7 1.4 0.4 0.6 0.9 2.3 0.9 40.6 
Burrow: CD111-C-1-A 	1 68.5 1 	47.2 1 	49.5 1.6 198.9 49.9 46.1 71.9 34.2 12.2 10.5 12.9 29.7 14.7 11.7 29.3 7.6 24.4 720.7 
Blank 4.9 18.7 17.4 0.6 7.5 2.6 0.0 0.8 	0.2 0.0 1.4 0.3 0.9 1.0 0.0 0.0 59.9 
! SITE C , 0-0.5 cm, CD111 68.3 51.4 52.8 1.6 140.1 42.2 0 
.0 	3.8 
59.1 71.2 15.4 2.7 7.1 17.7 46.5 17.6 21.6 45.0 3.6 33.6 696.1 
Blank 4.2 16.2 1 	16.2 0.6 7.0 2.4 0.0 	J 	3.6 0.0 0.7 	0.2 0.0 1 	1.3 0.3 0.8 0.9 0.0 0.0 54.3 
SITE C2-3 cm, COlil 67.6 36.2 1 	38.1 1.7 96.6 30 26.8 53.2 11.3 0.6 2.7 10.1 37.9 8.7 12.2 20.9 5.6 27.6 480.2 
Blank 3.2 0.8 6.9 a4[3 1.8 2.3 	29 0.2 0.4 	0.1 0.9 0.0 0.3 0.5 0.6 1.8 0.6 27.3 
SITE B 1-1.5 cm, CD113 72.2 49.4 50.5 4.2 TuB] 41.4 36.61 	62.4 7.2 1 	1.8 1.0 6.9 35.6 13.9 16.2 23.3 1.8 1 	27.6 570.6 
NB: Blanks are presented along with the smallest amino acid concentrations measured in the respective analytical run for comparison. 
UMM 
APPENDIX TEN: Hexosamine analyses conducted on bulk sediments, 
sediment size fractions,sediment trap, desorbed sediment and burrow 
samples 
Sediment Trap Samples 
Deployment No:XXII- Site A 









Combined Sample 261.5 342.6 I 604.1 
Lower Trap: 100 metres above bottom 
Sample 
Code 
Galactosam me I 	(iig/g) Glucosam me (gIg) THHA (tgIg) 
Combined Sample 1 324.4 342.3 	1 666.7 
Deployment No:XXI- Site B 
Upper Trap: 300 metres above bottom 
Sample 
Code 
Galactosamine I 	(.tgIg) Glucosamine (tgIg) THHA (.tgIg) 
Combined Sample 1 568.2 328.1 896.3 









Combined Sample 855.7 1526.3 2382.0 
Abbreviations: 
THHA: total hydrolysable hexosamines weight yield per gram of sediment (dry weight). 
Bulk Sediments 









0-0.5 20.9 32.1 53.0 
0.5-1 28.3 52.7 81.0 
1-1.5 22.9 36.2 59.1 
1.5-2 33.3 75.0 108.3 
2-2.5 28.1 49.4 77.5 
2.5-3 23.5 35.1 58.6 
3-4 78.1 97.9 176.0 
7-8 49.5 59.9 109.4 
10-11 6.9 19.3 26.3 
15-16 6.1 17.1 23.2 
26-28 24.0 41.7 65.7 









0-0.5 23.3 37.1 60.4 
0.5-1 32.8 50.5 83.3 
1-1.5 26.8 37.2 64.0 
1.5-2 28.1 42.4 70.5 
2-3 58.5 45.1 103.6 
3-4 59.0 76.7 135.6 
7-8 66.1 81.9 148.1 
7-8R 61.0 81.7 142.7 
7-8 8.2 17.5 25.7 
10-11 23.2 33.5 56.7 
14-16 22.7 18.9 41.6 
26-28 29.3 7.9 187.1 
NB Pale highlighted values denote the averages of sample replicates. 
xxxv" 









0-0.5 288.7 120.9 1751.6 
0.5-1 267.5 78.3 1418.3 
1-1.5 248.4 62.5 1323.5 
1.5-2 250.5 66.7 1215.9 
2-3 233.4 36.9 999.4 
3-4 298.3 44.8 1148.1 
7-8 275.9 57.7 1193.3 
10-11 269.3 41.1 996.7 
14-15 322.0 41.0 1227.8 









0-0.5 266.8 176.7 2447.4 
0.5-1 236.6 102.8 1674.4 
1-1.5 199.8 84.0 1386.8 
1.5-2 214.4 82.0 1256.8 
2-3 237.2 91.1 1379.1 
2-3 247.2 56.1 1305.5 
2-3 242.2 73.6 1342.3 
3-4 347.3 52.0 1374.8 
7-8 345.7 54.7 1338.9 
10-11 292.1 39.9 10743 
14-15 322.1 35.5 1076.2 
20-22 326.6 28.3 1021.7 
NB Pale highlighted values denote the averages of sample replicates. 
XXXVIII 









0-0.5 188.2 101.4 1703.5 
0-0.5 248.7 105.7 1829.6 
0-0.5 218.4 103.6 1766.6 
0.5-1 177.3 80.1 1495.6 
1-1.5 209.0 93.0 1519.0 
1-1.5 198.1 96.9 1627.9 
1-1.5 203.6 95.0 1573.4 
1.5-2 182.0 103.9 1359.9 
1.5-2 178.0 70.5 1372.3 
1.5-2 180.0 87.2 1366.1 
2-3 154.2 80.8 1127.0 
3-4 237.7 57.9 1345.4 
3-4 172.6 56.7 1046.1 
3-4 205.2 57.3 1195.8 
7-8 209.0 52.8 1094.4 
10-11 401.0 104.9 1836.4 
16-18 230.7 57.9 1095.4 
26-28 223.8 57.3 1116.1 








Fluff 340.3 128.7 2390.3 
0-0.5 301.2 170.2 2466.0 
0.5-1 331.3 159.3 2417.8 
0.5-1 213.4 96.2 1664.9 
05-1 2724 1277 20413 
1-1.5 235.7 114.9 1889.3 
1.5-2 182.9 107.4 1334.3 
2-2.5 167.3 96.2 1199.4 
2.5-3 • 	 171.0 48.8 1086.9 
3-4 228.2 66.6 1054.3 
7-8 189.4 48.8 989.0 
10-11 230.5 49.7 1287.5 
17-19 259.0 60.9 1130.4 
NB Pale highlighted values denote the averages of sample replicates. 
XXXIX 
Sediment Size Fractions 
bite 1k- cruise i.ui 11 
Sample Split Galactosamine Glucosamine THHA 
(cm) Size (j.tglg) (jigig) I 	(igIg) 
0-1 <20 gm 77.5 157.2 234.7 
1.5-2 <20 gm 43.2 59.2 102.4 
26-28 <20 gm 6.3 8.6 14.9 
26-28 <20 jim 1.6 1.3 2.9 
26-29 <20 gm 3.9 5.0 8.9 
0-1 >20 gm 2.3 2.4 4.7 
1.5-2 >20 gm 3.6 3.6 7.2 
26-29 >20 gm 0.2 0.2 0.4 
ite A- cruise CDII3 
Sample Split Galactosamine Glucosamine THHA 
(cm) Size (jtglg) (jtglg) I 	Gig/g) 
0-1 <20 jim 33.1 57.0 90.0 
0-1 >20 j.im 4.7 10.8 15.5 
Site B- cruise CIJI11 
Sample Split Galactosamine Glucosamine THHA 
(cm) Size (jiglg) (jiglg) 	I (i.&g!g) 
0-1 <20 pm 37.8 57.1 94.9 
0-1 >20 gm 19.9 35.1 	J 54.9 
ite B- cruise CDII3 
Sample Split Galactosamine Glucosamine THHA 
(cm) Size (jiglg) (jiglg) I 	(j.&qlg) 
0-1 <20 pm 61.7 56.9 118.6 
0-1 >20 gm 6.8 12.6 19.5 
zone i.- cruise i..ui 11  
Sample Split Galactosamine Glucosamine THHA 
(cm) Size (jiglg) (jiglg) I 	(jiglg) 
0-1 <20 jim 93.7 106.9 200.5 
0-1 <20 gm 39.4 37.1 76.5 
0-1 <20 urn 50.0 62.1 112.1 
0-1 <20 gm 61.0 68.7 129.7 
0-1 >20 urn 11.1 13.9 24.9 
ite C- cruise CDII3 
-Sample Split Galactosamine Glucosamine THHA 
(cm) Size (jiglg) (jiglg) (jig/g) 
FLUFF <20 pm 18.1 38.8 56.9 
0-1 <20 gm 23.3 23.5 46.8 
7-8 <20 pm 43.7 47.5 91.2 
7-8 <20 gm 47.1 35.6 82.8 
7-8 <20 jim 45.4 -. 41.6 87.0 
17-19 <20jirn 71.3 85.7 157.0 
17-19 <20 jim 20.0 15.5 35.5 
17-19 <20 jim 45.6 50.6 96.3 
FLUFF >20 pm 141.6 340.5 482.1 
0-1 >20 gm 25.3 42.6 67.9 
7-8 >20 gm 7.7 7.1 14.8 
17-19 >20 pm 4.7 8.2 12.9 
NB Pale highlighted values denote the averages of sample replicates. 
XL 
Burrows Sample Set 
Sample 	Galactosamine 	Glucosamine 	THHA 
code (j.tglg) 	 (.igIg) 	 (gIg) 
CD111-C-1-F 108.1 79.1 187.2 
CD111-C-1-A 75.7 	 50.9 126.6 
CD13-B-7-G 151.9 165.4 317.3 
CD13B7A* 80.4 	 45.0 125.4 
CD113C8F* 168.8 223.3 392.1 
CD113-C-8-A 70.7 	 43.5 114.3 
CD113-C-9-F 114.6 81.5 196.1 
CD113-C-9 -A 106.4 	 74.3 180.7 












A-CD1 13 	0-0.5 






100.3 B-CD113 	0-0.5 	
Untreated 
Desorbed 97.8 132.2 229.9 
Hexosamine Blanks 
Sample Galactosam me Glucosamine THHA 
(cm) nmoles nmoles nmoles 
Blank 0.0 0.0 0.0 
SITE A 10-11 cm, CD1 13 1.9 5.3 81.0 
Blank 0.0 0.0 0.0 
SITE C, 0-0.5 cm, CDIII 10.9 3.0 108.3 
NB: Blanks are presented along with the smallest hexosamine concentrations measured in that 
respective analytical run for comparison. Hexosamine blanks were always below detection limits. 
XLI 
APPENDIX ELEVEN: Carbohydrate analyses conducted on bulk sediments, sediment trap, desorbed sediment and burrow 
samples 
Sediment Trap Samples 
Deployment No:XXII- Site A 





















Combined Sample 314.5 1034.0 303.7 690.2 461.4 1508.7 1313.5 3190.3 7164.0 
Lower Trao: 100 metres above bottom 
Sample 
Code 
arabinose I 	(igIg) rhamnose (p.glg) ribose (.igIg) xylose (j.tglg) fucose (xg!g) mannose (igIg) galactose (itglg) glucose (igIg) TCHO ig/g) 
Combined Sample 1 173.8 574.8 202.1 251.1 193.4 1334.0 511.1 1939.0 -F4228.7 
Deployment No:XXI- Site B 





















Combined Sample 3837.0 6429.9 1713.0 4336.2 5813.8 8148.2 5649.9 27924.4 1 51872.6 
Lower Tram 100 metres above bottom 
Sample 
Code 	 I arabinose (.tgIg) rhamnose (igIg) ribose (j.iglg) xylose (gIg) fucose (j.tglg) mannose (j.iglg) galactose (igIg) glucose (j.tglg) TCHO tg/g) 
Combined Sample 	1 378.4 1448.1 563.1 766.8 928.3 5014.5 2535.1 6738.8 15983.4 
XLII 
Bulk Sediments 





















0-0.5 34.3 56.2 24.0 53.3 38.9 90.0 83.2 183.5 448.9 
0.5-1 36.6 55.3 22.5 55.1 39.4 90.2 84.8 117.1 386.5 
1-1.5 23.9 49.7 17.0 33.9 75.4 87.2 46.1 118.0 360.6 
1-1.5 21.1 50.1 13.7 33.9 16.6 53.4 37.9 128.6 270.5 
1-1.5 22.5 49.9 15.3 33.9 46.0 703 42.0 123.3 315.6 
1.5-2 29.7 49.2 18.1 36.9 34.9 83.0 65.0 108.8 328.7 
2-2.5 30.2 46.0 18.6 39.4 31.6 95.8 61.4 124.5 352.6 
2.5-3 29.0 43.6 20.5 39.7 28.8 90.1 62.8 121.2 342.6 
3-4 61.7 66.9 30.2 45.2 56.2 107.7 75.3 157.3 441.8 
7-8 41.3 44.4 13.1 36.5 28.6 59.8 52.8 70.6 248.2 
7-8 42.2 56.7 19.3 53.1 38.8 105.1 77.1 67.5 341.6 
7-8 85.4 51.3 103.0 60.4 45.5 123.1 89.8 89.5 408.3 
7-8 56.3 50.8 45.1 50.0 37.6 96.0 73.2 75.9 332.7 
10-11 60.6 42.9 91.7 48.7 37.6 95.2 74.6 104.6 360.7 
10-11 47.3 58.6 19.4 51.6 42.4 114.6 83.6 77.6 369.9 
10-11 68.2 56.3 6.6 47.4 54.0 129.4 82.2 133.4 446.4 
10-11 58.7 52.6 39.2 49.2 44.7 113.0 80.2 105.2 392.3 
15-16 14.7 25.8 3.1 18.0 26.4 64.6 28.1 76.9 214.1 
26-28 39.7 26.3 19.2 30.6 29.6 51.3 60.5 68.8 240.7 





















0-0.5 30.9 48.5 20.9 45.5 32.2 91.7 69.1 119.8 358.2 
0.5-1 29.9 48.5 21.9 40.3 31.8 94.3 62.4 108.6 337.4 
1-1.5 27.6 49.3 24.4 41.8 28.1 108.0 60.3 133.1 371.2 
1.5-2 26.0 38.4 20.7 34.6 26.9 84.7 55.4 117.9 319.5 
2-3 49.9 65.3 22.7 61.6 46.0 118.4 102.4 85.6 414.0 
2-3 57.2 38.4 6.2 24.9 33.9 79.3 50.7 62.9 251.7 
2-3 53.5 51.8 14.5 43.2 40.0 98.8 76.5 74.2 332.8 
3-4 29.1 41.5 21.0 36.0 27.6 75.1 53.9 94.4 286.9 
7-8 40.6 22.7 5.2 16.7 20.4 43.0 30.0 40.8 150.9 
10-11 68.7 79.2 14.4 67.0 70.8 122.7 116.8 265.3 642.6 
14-16 32.0 25.0 14.2 22.9 22.8 46.3 40.4 48.0 180.3 
14-16 65.9 50.8 24.1 46.7 57.4 72.4 90.3 249.8 516.6 
14-16 48.9 37.9 19.2 34.8 40.1 59.3 65.3 148.9 348.5 























0-0.5 49.8 85.0 19.7 88.4 57.3 147.9 140.0 138.2 571.7 
0-0.5 134.6 97.8 26.8 80.7 80.7 200.2 125.9 262.6 750.0 
0-0.5 92.2 91.4 23.2 84.5 69.0 174.0 132.9 200.4 660.9 
0.5-1 111.9 95.6 11.2 101.0 68.7 198.9 138.9 224.7 732.3 
0.5-1 81.0 119.3 25.4 92.0 96.4 201.5 154.9 215.5 760.3 
0.5-1 96.4 107.5 18.3 96.5 82.6 200.2 146.9 220.1 746.3 
1-1.5 31.4 74.4 18.6 39.5 68.5 121.5 67.6 138.2 435.1 
1.5-2 79.3 113.2 24.3 101.6 92.2 221.9 171.3 241.0 828.0 
1.5-2 128.0 81.4 10.4 84.6 65.9 179.5 114.5 259.9 704.4 
1.5-2 103.6 97.3 17.3 93.1 79.0 200.7 142.9 250.5 766.2 
2-3 140.5 84.1 12.6 95.4 60.9 177.6 118.8 243.2 696.0 
3-4 119.2 79.3 8.5 91.0 59.8 185.6 114.9 181.5 632.8 
3-4 49.1 81.3 18.4 63.5 59.2 203.7 106.8 118.1 551.3 
3-4 84.1 80.3 13.5 77.3 59.5 194.7 110.8 149.8 592.0 
7-8 69.5 115.5 20.1 98.5 92.8 199.3 151.2 197.5 739.4 
10-11 69.7 102.2 19.7 85.9 85.5 196.7 139.3 163.4 670.8 
14-15 43.8 91.9 12.1 53.5 72.7 175.3 87.2 145.6 534.2 





















0-0.5 93.9 151.5 37.6 182.8 102.4 283.9 259.3 261.1 1089.5 
0.5-1 115.6 90.1 9.5 93.4 76.1 188.9 139.4 243.4 741.2 
0.5-1 57.0 93.6 23.3 68.2 69.1 193.3 106.4 119.3 556.3 
0.5-1 86.3 91.8 16.4 80.8 72.6 191.1 122.9 181.3 1 	648.8 
1-1.5 94.3 135.3 42.3 187.9 78.6 262.5 221.5 196.8 947.2 
1-1.5 133.6 86.9 9.1 93.6 69.9 187.7 136.1 227.7 715.0 
1-1.5 114.0 111.1 25.7 140.7 74.3 225.1 178.8 212.3 831.1 
1.5-2 120.3 75.2 14.7 77.3 57.9 165.3 110.5 136.6 547,6 
1.5-2 46.4 112.7 17.7 99.3 54.6 201.4 141.6 162.8 659.7 
1.5-2 26.7 69.0 9.1 41.2 74.4 120.1 66.7 162.4 464.8 
1.5-2 36.6 90.9 13.4 70.2 64.5 160.8 104.2 162.6 562.2 
2-3 47.9 102.4 33.1 86.2 74.7 177.3 116.9 145.6 600.7 
3-4 42.6 77.8 38.5 74.5 51.4 160.7 96.1 107.6 490.3 
3-4 33.2 70.5 14.9 45.1 59.0 142.8 81.6 174.4 502.9 
3-4 37.9 74.1 26.7 59.8 55.2 151.8 88.8 141.0 496.6 
7-8 20.2 41.4 5.1 27.0 44.9 122.4 74.9 83.4 352.6 
10-11 31.1 63.5 4.8 48.8 66.4 170.6 89.9 117.1 492.8 
14-15 22.8 52.7 10.8 37.4 36.5 79.8 43.0 50.5 247.2 
20-22 1 ND Pale highlighted values denote replicate averages 
XLIV 





















0-0.5 52.3 83.6 24.3 68.5 77.1 146.9 90.2 244.5 627.2 
0.5-1 45.9 79.2 21.3 56.1 68.4 156.5 97.4 171.0 549.4 
1-1.5 32.9 75.0 7.6 43.4 66.7 121.2 71.6 177.0 480.0 
1.5-2 52.1 84.4 15.5 54.5 75.0 124.3 85.7 149.3 488.8 
2-3 47.2 76.0 18.2 56.3 57.3 136.6 93.7 200.2 544.1 
3-4 28.7 69.9 27.5 51.4 66.9 154.2 89.8 125.6 488.0 
7-8 81.8 99.6 32.6 93.7 76.8 201.0 148.5 127.8 647.8 
10-11 77.5 101.2 51.2 94.9 77.6 200.9 151.6 121.0 645.9 
10-11 98.0 115.0 39.1 114.9 100.1 197.1 188.7 170.0 770.7 
10-11 85.0 79.7 26.3 67.0 54.9 177.1 104.3 119.3 522.6 
10-11 86.9 98.6 38.9 92.3 77.5 191.7 148.2 136.7 646.4 
16-18 78.2 102.7 30.5 95.3 78.4 222.2 150.3 132.1 678.4 
16-18 81.1 75.4 17.6 75.7 49.2 156.0 107.7 122.7 511.3 
16-18 79.6 89.1 24.0 85.5 63.8 189.1 129.0 127.4 594.8 
26-28 46.9 63.1 25.4 56.7 51.8 129.4 76.0 79.4 393.4 
26-28 78.5 54.6 12.6 54.7 46.7 95.1 72.1 87.2 355.8 
26-28 62.7 58.8 19.0 55.7 49.2 112.3 74.1 83.3 374.6 





















Fluff 27.4 51.0 13.5 35.4 93.6 62.3 51.0 329.1 571.4 
0-0.5 53.5 114.3 21.7 65.5 112.2 165.3 114.6 206.2 663.8 
0.5-1 95.7 139.6 40.0 116.9 99.6 268.0 183.9 177.3 845.6 
1-1.5 39.8 75.9 12.9 43.3 67.8 126.4 72.8 112.0 422.3 
1.5-2 43.1 77.7 15.3 50.8 62.4 124.2 76.3 105.5 419.2 
2-2.5 78.1 100.7 31.3 89.4 72.6 224.3 147.2 141.6 675.1 
2.5-3 47.8 81.6 17.8 59.5 66.6 140.4 88.8 135.0 490.3 
3-4 35.2 65.1 9.0 42.6 54.3 100.7 61.5 94.4 353.5 
7-8 25.6 45.0 5.8 28.4 44.0 100.9 55.8 69.9 298.9 
10-11 24.5 40.3 7.8 27.7 35.0 96.0 55.3 63.1 277.1 
17-19 26.6 46.6 9.9 25.2 38.3 95.2 38.5 47.2 244.4 

























CD13-13-7-G 175.1 451.0 88.9 419.2 267.3 327.1 456.6 571.7 2042.0 
CD13-13-7-A 58.3 86.4 28.8 90.9 64.3 143.3 119.8 125.6 544.0 
CD113-B-8-F 64.9 109.8 36.8 87.8 70.4 226.7 131.1 123.9 639.9 
CD113-13-8-A 40.9 74.2 13.7 42.4 44.0 159.4 77.5 75.2 398.5 
CD113-C-9-F 191.9 144.3 36.8 125.8 90.7 174.5 155.5 133.0 679.5 
CD113-C-9-A 1 	68.8 90.6 35.6 97.2 66.4 139.9 129.4 107.6 1 	540.5 
ND denotes insufficient sample amounts to conduct carbohydrate analyses. 
Sample arabinose rhamnose ribose xylose fucose mannose galactose glucose TCHO 
(cm) (j.tg) (.tg) (j.tg) (.tg) (.tg) (.tg) (.Lg) (tg) (pig) 
Blank 2.1 0.1 0.0 1.1 0.0 1.0 0.0 13.2 17.6 
Site C, 1-1.5 cm, CDIII 15.7 35.8 3.6 20.7 31.9 57.8 34.2 84.5 284.2 
Blank 1.1 0.3 0.4 1.1 0.1 1.1 0.5 0.7 5.4 
Site C, Fluff, CDII3 12.0 22.4 5.9 15.5 41.0 27.3 22.3 144.2 290.7 
Blank 1.5 0.4 0.6 0.6 0.3 2.5 0.5 5.8 12.3 
Site A, 15-16 cm, CDI1I 9.7 16.9 2.1 11.8 17.3 42.4 18.4 50.5 169.2 
NB: Blanks are presented along with the smallest carbohydrate concentrations measured in that respective analytical run for comparison. 
XLVI 
APPENDIX TWELVE: Lignin analyses conducted on bulk sediments, samples 
using both GC-FID and GC-MS 
Surface Sediment Lignin Concentrations 
Analytical 
Method VAL 
Concentrations Phenols (mg/log Sed.) 
VON 	VAD 	SAL 	SON 	SAD CAD FAD 
Total F,8 
(mg/ lOg sed.) 
Dabob Bay, 34cm GC-FID 3.1458 0.8274 0.8354 0.7455 0.2898 0.1699 0.1859 0.2438 6.44 
Dabob Bay, 3-4 cm GC-MS 2.6182 0.7955 0.9141 0.9597 0.2569 0.1994 0.2574 0.2773 6.28 
Dabob Bay, 3-4 cm # GC-FID 5.61 
Site A, 0-1 cm, CD1 11 GC-MS 0.0011 0.0003 0.0006 0.0003 0.0001 0.0001 0.0002 0.0000 0.003 
Site A, 0-1 cm, CD1 13 GC-MS 0.0040 0.0016 0.0062 0.0022 0.0006 0.0016 0.0005 0.0004 0.017 
Site B. 0-1 cm, CD111 GC-MS 0.0034 0.0011 0.0019 0.0010 0.0003 0.0000 0.0008 0.0008 0.009 
Site B, 0-1 cm, CD1 13 GC-MS 0.0095 0.0026 0.0046 0.0011 0.0040 0.0031 0.0009 0.0005 0.026 
Site C. 0-1 cm, CD111 GC-MS 0.0027 0.0004 0.0015 0.0007 0.0002 0.0003 0.0011 0.0007 0.008 
Site C, 0-1 cm, CD1 13 GC-MS 0.0014 0.0003 0.0004 0.0004 0.0001 0.0002 0.0009 0.0001 0.004 
Site C, Fluff, CD113 GC-MS 0.0072 0.0018 0.0021 0.0013 0.0003 0.0005 0.0007 0.0005 0.014 
NB The two methods of analysis, gas chromatography (GC) with flame ionisation detection (FID) and 
with a mass spectrometer (MS), were evaluated by comparing the results obtained for a sample from 
3-4 cm depth in a sediment core from Dabob Bay, that has been analysed previously (denoted by the 
symbol #) and the results published by Hedges et al. (1988). 
Lignin Blanks 
Analytical Phenol concentration (ng) Total 18 
Method VAL VON VAD SAL 	SON SAD CAD FAD (ng) 
blank GC-MS 22.8 0 19.3 0 2.2 0 3 1.3 48.6 
blank GC-MS 38.5 0 15.2 0 	1.8 0 1.8 0.4 57.7 
blank GC-MS 21.8 0 15.9 0 0 0 0 0 37.7 
Site C, 0-1 cm, CD11I GC-MS 268.5 43.7 153.7 70.6 	19 33.9 111.2 66.7 767.3 
NB: Blanks are presented along with the smallest measured lignin concentrations for comparison. 
Abbereviations: VAL- vanillin, VON-aetonvanillone, VAD- vanillic acid, SAL-syrinealdehyde, SON-
syringone, SAD-syringic acid, CAD-coumaric acid, FAD-ferrulic acid. 
XL VII 
APPENDIX THIRTEEN: Data set used to conduct the BENBO amino acid principle component analysis 
Sample ASP GLIJ SIR HIS GLY THR ARG ALA BALA 	lYR 	GABA 1 MET 1 	L PHI lIE ILEU 
(cruise, site, depth) mole% mole% mole% mole% mole% mole% I mole% mole% mole %; mole 	I mole 	mole% 1 mole% I mole% I mole% I mole% 
CD111B SITE AO-0.5 12.59 8.31 10.96 0.78 20.23 7.78 5.43 12.07 1.60 	0.78 1 0.43 1.15 	7.41 2.66 3.20 4.72 
COulD SITE A 061 1424 861 1010 052 2069 780 560 1177 160 	065 	040 	114 	1 	717 250 294 438 
ICD111B SITEA1-1.5 14.06 6.81 10.33 0.70 20.06 7.56 5.02 11.54 1.46 0.62 0.45 2.147.02 265 2.94 t66 
ICD111B SITE A 1.5-2 14.27 8.22 12.53 0.82 19.45 7.28 4.78 11.94 1.43 	0.89 	0.49 	1.36 	6.93 2.39 2.78 4.45 
CD1118 SITE A2-2.5 16.40 8.62 10.12 0.53 18.51 8.04 5.38 11.54 1.59 0.61 0.55 1.32 7.27 2.37 2.85 4.31 
CD111B SITE A2.S-3 16.99 8.42 12.36 0.56 17.46 7.82 4.64 11.49 1.45 	0.74 	0.53 	1.28 	7.48 2.21 2.74 3.85 
CDI118 SITE A3-4 24.25 8.95 8.07 0.40 1334 10.47 5.96 11.27 68 0.41 071 coo 6.45 223 224 3.58 
ICD1118 SITE A7-8 23.19 8.92 9.06 0.00 15.14 9.90 6.32 11.39 1.89 	0.00 	0.88 	0.00 	6.27 1.83 1.88 3.35 
CD111B SITE A1O-11 1981 739 8.49 00 1855 8.38 1.95 16.00 3.98 0.87 1.03 0.00 	1 	6.15 1.71 1.85 1 	3.08 
CD111B SITE A15-16 20.35 7.15 7.26 0.62 18.26 7.67 2.70 15.35 5.30 	0.57 	1.66 	0.00 	1 	7.31 1 	1.07 1.66 1 	2.90 
jCD111B SITE A26-28 14.27 7.83 10.27 0.70 17.61 7.61 1.99 15.85 6.19 0.66 2.66 0.00 9.68 0.99 1.10 1 	2.68 
ICD113B SITE AO-0.5 16.02 8.88 10.04 0.68 18.45 7.71 5.18 11.16 1.32 	0.68 	0.49 	2.14 	7.28 2.60 2.93 4.45 
CD1136 SITE AO.5-1 19.28 9.12 9.86 0.65 16.73 8.09 5.61 10.59 1.22 0.67 0.65 0.17 7.85 2.51 2.88 4.11 
ICD113B SITE A1-1.5 19.39 8.80 9.88 0.64 16.73 7.62 5.21 10.48 1.47 	0.61 	0.72 	1.43 	7.74 2.33 2.79 4.16 
iCD1136 SITE 	1.5-2 19.70 7.61 14.44 0.99 16.53 7.96 3.97 10.22 1.11 0.98 0.55 1.15 	1 	6.79 2.12 2.51 3.39 
iCD113B SITE A2-3 13.19 8.42 8.56 0.46 19.46 7.12 8.42 12.10 2.37 	0.26 	2.20 	2.04 6.28 2.20 2.17 4.77 
CD113B SITE A3-4 18.38 8.86 9.03 1 	0.51 18.29 9.43 5.21 11.42 3.03 0.49 	i 	1.05 	1 	0.00 	1 	5.97 1 	2.27 2.12 3.96 
C01136 SITE A7-8 25.60 9.00 7.83 0.20 12.89 10.41 1.66 13.18 1.96 	0.35 1.03 0.00 	1 	6.50 1 	4.50 2.08 2.85 
CD113B SITE A1O-il 19.63 7.40 7.49 0.66 18.79 7.82 2.23 14.14 4.43 0.65 	1.57 	0.00 	1 	8.53 1 	1.81 1.65 3.02 
CD113B SITE A14-16 16.49 8.40 7.86 0.00 18.91 6.44 7.00 10.68 6.68 	0.67 	1 	3.08 0.00 	11 	9.12 1 	1.06 1.01 2.80 
CD113B SITE A26-28 14.19 8.03 11.46 0.87 22.34 5.41 3.99 9.92 5.79 0.80 1.68 	0.00 	1 	10.23 1 	1.12 1.12 3.04 
1 CD1118 SITE C 0-0.5 11.64 8.32 7.84 0.25 20.13 6.37 8.90 10.79 2.17 	0.42 	1 	1.20 	1 	2.57 6.97 1 	2.67 3.26 6.51 
CD1118 SITE C,0.5-1 11.17 779 7.86 0.28 20.23 661 8.84 10.30 2.44 0.43 	1 1.09 	1 	3.16 	7.16 2.83 1 	2.99 6.81 
[D1118 SITE C 1-1.5 12.19 8.09 8.43 0.40 20.23 6.66 7.88 11.53 2.19 	0.39 	1 	0.80 	1 	2.45 7.66 2.51 3.09 5.53 
CD111B SITE C 1.5-2 12.42 8.26 8.43 0.35 20.41 6.65 7.92 11.63 2.32 0.28 0.95 2.29 	7.66 2.32 2.91 6.32 
CD111B SITE C 2-3 12.87 8.11 8.51 0.39 21.57 1 	6.82 6.45 11.91 2.53 	0.14 	1 	0.59 	1 	2.27 	1 	8.48 1.94 2.73 4.68 
CD111B SITE C 3-4 15.38 7.17 8.07 1.20 20.41 8.85 4.96 14.91 3.95 0.56 0.80 	1 	0.00 6.07 1 	1.73 2.06 3.88 
CO111B SITE C 7-8 18.07 7.76 7.39 0.35 17.27 8.74 8.51 10.98 2.84 	1.14 	0.94 	1 	0.00 	7.14 1 	2.28 2.26 4.35 
ICD1118 SITE C 10-11 13.75 7.28 9.12 0.15 22.52 5.82 5.37 10.67 1.61 1.98 0.47 	1 	0.00 8.44 1 	2.64 3.31 6.91 
CD111B SITE C 16-18 19.30 7.87 7.88 0.54 18.12 9.61 1.42 13.06 2.94 	1.36 	1.01 	1 	0.00 	7.44 2.45 2.54 4.49 
CID1 118 SITE C 26-28 18.27 7.49 1 	6.84 0.53 18.24 9.00 1.60 15.98 2.95 1.47 1.14 0.007.38 2.37 2.50 4.25 
b1 3-C Fluff 14.74 12.23 7.88 0.75 14.66 7.17 13.50 6.10 0.42 	3.20 	0.07 	2.94 	1 	5.35 3.20 2.90 5.88 
CD113A SITE C, 0-0.5 11.89 8.59 7.70 0.30 17.47 6.93 8.90 10.24 1.62 0.751.14 3.65 7.31 3.09 3.71 6.73 
iD113A SITE C 0.5-1 12.54 8.81 7.87 0.28 17.19 6.69 8.77 10.17 1.55 	0.75 	1.04 	3.73 	7.37 3.08 3.65 6.51 
ICD113ASITE C. 1-1.5 11.99 9.12 837 0.30 18.29 5.94 9.37 10.42 2.11 0.49 	i 	1.27 2.89 	1 	6.62 2.60 3.22 6.61 
CD113A SITE C 1.5-2 13.15 8.63 9.28 0.53 21.94 6.61 6.58 12.48 1.99 	0.44 0.32 	1.18 7.37 2.25 2.93 4.33 
CD113A SITE C 2-2.6 13.45 8.30 9.98 0.69 21.90 7.01 6.53 12.50 1.89 0.47 	0.34 1.07 	7.05 2.12 2.72 4.09 
IC 0 h 15hTEC 26-3 14.24 856 9.11 0.19 2332 7.68 6.61 10.99 3.82 	0.51 1.25 	1.74 4.28 1.91 1.71 4.07 
ICD1 13A SITE C 3-4 20.56 951 8.11 0 .48 14.14 1ft68 2.14 12.46 2.62 0.74 	089 aoo 	7.71 2.37 2.78 4.82 
ICD113A SITE C7-8 18.13 7.92 1 	7.48 0.29 18.62 	1 8.88 8.62 10.55 1 	3.211 	0.56 1.19 	0.00 	1 	6.62 1.47 1 	2.08 4.49 
XL VIII 
continued from previous nave 
(cruise, site, depth) mole% mole%l mole % . mole% 
GLY- 
mole %:  . mole% 
ARG 
mOIe% mole% mole% mole% mole% mole%1 mole% mole% 11  mole% I mote% 























co1118 SITE 80-0.5 1571 	879 843 091 183 	840 648T11.15 099 0.53 0.29 	1.68 7.05 284 	3.38 4.78 
Ic011iB SITE 8 0.5-1 17.71 	8.45 8.41 0.92 18.15 	' 	8.86 6.15 11.23 	1.13 0.33 0.23 1.29 7.23 2.60 3.09 4.23 
CD! 118 SITE B 1-1.5 























CD111B SITE 8 2-3 21.48 	7.40 8.95 0.67 17.91 	9.71 5.02 10.95 	2.34 0.34 0.17 	2.34 5.44 1.84 	1.93 3.52 
CD111B SITE B 3-4 22.83 	0.54 12.10 0.74 20.41 	10.54 1.64 13.99 	3.13 0.41 0.41 	0.00 5.52 1.98 	2.06 3.70 
JCD1116 SITE B 7-8 21.29 	8.26 8.35 1.57 18.26 	9,83 1.35 10.61 	2.54 1.12 0.46 	0.00 7.11 2.42 	2.56 4.18 
CD111B SITE B 10-11 24.57 	8.03 7.19 1.11 16.76 	9.55 0.69 13.44 	2.17 0.91 .0.41 	0.00 6.76 2.15 	2.44 3.65 
CD111B SITE B 14-15 23.83 	6.58 12.40 0.97 17.87 	9.07 1.02 13.44 	2.15 0.97 0.28 	0.00 6.06 1.59 	1.80 2.98 
CD113B SITE 80-0.5 10.29 	9.18 9.15 0.08 21.96 	6.94 7.39 11.29 	1.05 0.52 0.24 	1 	2.06 6.45 3.19 	1 	3.60 5.03 
çpB SITE 60.5-1 




















2.58 	1 	3.00 
68 
4.30 
CD113B SITE 61.5-2 15.07 	9.60 10.44 0.62 22.34 	7.83 7.05 12.40 	1.36 0.37 0.17 	1.19 2.80 3.12 	11 	 4.53 0.31 
CD113B SITE p2-3 16.96 	1 	8.66 9.92 1.69 1 	19.307.94 6.33 10.90 	1.62 0.42 0.20 	1.19 5.91 2.39 	1 	2.57 4.11 
LCD1 136 SITE B 3-4 2261 	1 ,] 11.08 11 J149.39 ..... .43 ...1 14.05 	2.39 . ! 0.53 PPP_ _44 J25 	1.75 3.21 
CD1136 SITE B 7-8 23.42 	1 8.46 1.46 16.29 	9.83 1.11 13.78 	2.20 0.87 0.38 	0.00 5.96 2.24 	2.46 3.69 
CD113B SITE B 10-11 























CD113B_SITE B 20-22 28.95 	6.79 11.04 0.90 18.33 	7.94 1.19 11.21 	2.45 0.96 0.41 	0.00 4.50 1.39 	1.39 2.45 
TRAP, SITE A-lcXIOmab 11.78 	9.30 8.95 1.03 21.49 	6.89 4.68 11.37 	2.13 1.22 0.56 	1.94 5.32 3.48 	3.11 6.75 
7RAP, SITE A-100mab 
TRAP, SITE B-300mab 
12.44 	10.27 


















3.68 	1 	4.07 
7.32 
7.06 




































GB-1 1350 	1010 770 070 2000 	650 520 1150 	034 240 049 	110 750 400 	450 660 

























BC-B * 13.30 	9.70 8.40 2.00 13.90 	6.90 5.00 10.30 	0.36 2.40 0.22 	0.30 7.70 4.50 	5.50 8.50 
* 140 	1250 820 .±Q .IQtQ 70 1130 	1100 350 1.00 	2.01) 7 00 4.50 	&60 20 
Phy.0 * 11.90 	1310 630 1.90 12.40 	5.90 40 11.50 	0.09 3.00 0.74 	270 6.80 4.60 	1 	5.20 8.90 

























Dab-T 11.20 	9.60 8.30 2.00 13.70 	7.60 5.50 11.10 	0.43 3.60 0.03 	1.90 7.80 4.40 	5.30 7.50 
Saari- S 1 1330 	970 900 1.40 190 	TOO ....3.40 11.00 	1153 2.50 1160 	0.70 6.40 310 	40 80 
Dab-Si 12.40 	8.00 6.40 1.60 20.30 	6.60 4.20 10.90 	3.15 2,40 0.35 	0.60 6.60 3.40 	4.20 5.60 
Saan S2* 9.306.20 10.40 1.50 25.40 	6.40 3.10 11.50 	1.14 2.60 1.15 	1.70 6.20 3.70 	3.90 5.80 
Dab-S2 10.90 	7.70 8.90 1.70 24.206.40 3.50 10.90 	3.28 1.90 0.30 	1.80 6.21) 3.00 	4.00 5.20 
Turbidite -reduced • 14.10 	1 	0.50 3.90 0.80 15.40 	4.50 7.60 11.00 	4.26 1.50 3.95 	1.00 8.6(1 3.80 	4.50 6.50 
Turbidite -oxidised • 15.50 	8.20 4.20 .40 13.90 	3.90 5.80 0.50 	12.47 0.60 14.73 	0.60 5.60 1.40 	1.60 2.60 
XLIX 
APPENDIX FOURTEEN: Data set used to conduct the BENBO carbohydrate 
principle component analysis 
Sample 
(cruise, site, depth) 
arablnose 
% of total (wt.) 
rhamnose 
% of total (wt.) 
ribose 
% of total (wt.) 
xylose 
% of total (wt.) 
fucose 
% of total (WI.) 
mannose 
% of total (wt.) 
galactose 
% of total (wt.) 
glucose 
% of total (wt.) 
CD111B SITE AO-0.5 6.09 9.97 4.26 9.46 6.90 15.98 14.77 32.57 
CD111B SITE AO.5-1 7.31 11.04 4.48 11.00 7.86 18.00 16.93 23.37 
CD1I1B Site A, 1-1.5cm 5.58 12.37 3.80 8.41 11.40 17.44 10.42 30.57 
CD1I1B SITE A 1.5-2 6.98 11.56 4.26 8.67 8.20 19.51 15.27 25.56 
CD111B SITE A2-2.5 6.76 10.28 4.15 8.81 7.06 21.41 13.72 27.81 
CD1 11 B SITE A 2.5-3 6.67 10.00 4.71 9.12 6.61 20.68 14.40 27.81 
CD111B SITE A 3-4 10.28 11.13 5.02 7.53 9.36 17.94 12.54 26.19 
Cot 11B SITE A 7-8 11.42 11.01 7.96 10.46 7.90 19.70 15.28 16.28 
CD111B SITE A 10-11 10.76 9.76 7.18 9.13 8.23 20.89 14.85 19.20 
CO111B SITE A 15-16 5.71 10.01 1.21 7.00 10.24 25.08 10.89 29.86 
CD111B SITE A 26-28 12.18 8.06 5.89 9.38 9.07 15.73 18.58 21.11 
CD113 B SITE A 0-0.5 6.74 10.57 4.57 9.92 7.02 19.99 15.07 26.13 
CD113B SITE A 0.5-1 6.83 11.08 5.01 9.20 7.27 21.53 14.26 24.81 
CD113B SITE A 1-1.5 5.84 10.44 5.16 8.85 5.95 22.85 12.76 28.16 
CD113B SITE A 1.5-2 6.42 9.50 5.12 8.55 6.65 20.94 13.70 29.13 
CD1 13B SITE A2-3 12.61 11.35 2.94 9.10 8.97 21.94 16.45 16.65 
cot 13B SITE A3-4 7.70 10.97 5.56 9.50 7.29 19.84 14.22 24.92 
Cot 13B SITE A 7-8 18.50 10.33 2.38 7.61 9.30 19.61 13.68 18.58 
CD113B SITE A 10-11 8.53 9.84 1.79 8.32 8.80 15.24 14.51 32.96 
CD113B SITE A14-16 10.67 8.27 4.15 7.58 8.82 12.79 14.29 33.43 
CD113B SITE A26-28 8.13 10.62 4.46 3.31 12.80 10.45 17.11 33.12 
CDII1B SITE BO-0.5 10.10 10.70 2.68 10.08 7.94 20.10 15.87 22.52 
CD111B SITE B 0.5-1 8.21 12.10 2.58 9.33 9.78 20.44 15.71 21.85 
CD111B Site B, 1-1.5 cm 5.61 13.30 3.32 7.05 12.24 21.71 12.08 24.69 
CD1I1B SITE B 1.5-2 10.72 9.82 1.72 9.44 7.98 20.33 14.39 25.60 
CD111B SITE B2-3 15.06 9.01 1.35 10.23 6.53 19.03 12.73 26.06 
Cot 11B SITE B3-4 10.60 10.53 1.82 9.96 7.79 25.60 14.46 19.24 
CD111B SITE B 7-8 7.35 12.23 2.13 10.43 9.83 21.10 16.01 20.91 
CD1I1B SITE B 10-11 8.08 11.85 2.29 9.96 9.92 22.81 16.15 18.94 
CD111B SITE B 14-15 6.42 13.47 1.77 7.84 10.65 25.70 12.78 21.35 
CD113B SITE B 0-0.5 6.84 11.04 2.74 13.32 7.46 20.68 18.90 19.03 
CD113B SITE B 0.5-1 9.95 11.12 2.09 9.56 8.71 23.11 14.58 20.89 
CD113B SITE B 1-1.5 10.94 10.15 2.22 12.66 6.93 20.70 16.28 20.13 
CD113B SITE B 1.5-2 8.70 11.84 1.88 9.76 9.08 22.33 14.41 22.00 
CD113B SITE B 2-3 6.10 13.06 4.22 11.00 9.53 22.62 14.91 16.57 
CD113B SITE B 3-4 5.94 11.66 4.14 9.35 8.71 23.86 13.96 22.38 
CD113B SITE B7-8 4.81 9.88 1.22 6.44 10.70 29.20 17.86 19.88 
CD113B SITE B 10-11 5.25 10.72 0.82 8.25 11.21 28.81 15.17 19.77 
Cot 13B SITE B 14-15 6.82 15.80 3.25 11.21 10.95 23.93 12.91 15.14 
CD111B Site C, 0-0.5 cm 6.64 10.62 3.09 8.70 9.80 18.66 11.45 31.05 
CDII1B Site C, 0.5-1 cm 6.60 11.38 3.05 8.06 9.83 22.49 14.00 24.58 
CD111B Site C, 1-1.5 cm 5.52 12.60 1.28 7.29 11.21 20.35 12.03 29.72 
CD111B Site C, 1.5-2 cm 8.13 13.18 2.41 8.50 11.70 19.40 13.37 23.30 
CD111B Site C, 2-3 cm 6.89 11.09 2.66 8.22 8.36 19.92 13.67 29.19 
CD111B Site C, 3-4cm 4.68 11.38 4.47 8.37 10.90 25.11 14.63 20.46 
CD111B Site C, 7-8 cm 9.49 11.56 3.78 10.87 8.91 23.32 17.24 14.83 
CD111B Site C, 10-11cm 10.12 11.32 4.45 10.48 8.78 22.34 16.79 15.71 
CD111B Site C, 16-18 cm 10.31 11.27 3.00 10.88 8.00 23.87 16.31 16.37 
CD111B Site C, 26-28 cm 12.27 11.41 3.66 10.82 9.55 21.72 14.38 16.20 
CD113A Site C, Fluff 4.13 7.69 2.03 5.33 14.12 9.39 7.68 49.62 
CD113A Site C, 0-0.5 cm 6.27 13.39 2.55 7.68 13.15 19.38 13.42 24.17 
CD113A Site C, 0.5-1 cm 8.54 12.45 3.56 10.43 8.88 23.91 16.41 15.82 
CD113A Site C, 1-1.5cm 7.22 13.78 2.34 7.86 12.31 22.95 13.21 20.33 
CD113A Site C, 1.5-2cm 7.76 13.99 2.76 9.15 11.24 22.36 13.74 19.00 
CD113A Site C, 2.0-2.5cm 8.82 11.37 3.53 10.10 8.21 25.34 16.63 15.99 
CDI13A Site C, 2.5-3cm 7.50 12.79 2.80 9.33 10.45 22.02 13.93 21.17 
CDII3A Site C, 3-4cm 7.60 14.07 1.94 9.21 11.73 21.76 13.28 20.41 
CD113A Site C. 7-8 cm 6.83 11.98 1.53 7.57 11.72 26.89 14.86 18.61 
CDI13A Site C, 10-11 cm 7.01 11.53 2.24 7.92 10.01 27.44 15.82 18.03 
CD113A Site C, 17-19 cm 8.11 14.22 3.04 7.69 11.70 29.07 11.76 14.42 
TRAP, SITEA-l000mab 3.57 11.73 3.44 7.83 5.23 17.11 14.90 36.19 
TRAP, SITE A-lOOmab 3.36 11.10 3.90 4.85 3.73 25.76 9.87 37.44 
TRAP, SITE B-300mab 6.01 10.07 2.68 6.79 9.11 12.76 8.85 43.73 
TRAP, SITE B-lOOmab 2.06 7.88 3.06 4.17 5.05 27.29 13.80 36.68 
zooplankton I * 1.80 8.08 2.12 2.17 5.84 16.17 8.60 55.23 
zooplankton 2 • 1.30 4.27 0.86 0.96 2.08 11.11 4.01 75.40 
phytoplankton I • 4.01 10.58 3.90 2.87 10.79 13.51 18.85 35.48 
phytoplankton 2 * 5.64 6.12 9.12 3.72 7.20 15.15 6.39 46.66 
h'toplankton 3 2.41 	. 1.06 2.14 1.90 2.10 6.37 10.06 73.95 
* indicates data taken from Cowie and Hedges (1996) 
L 
